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ABSTRACT OF DISSERTATION 
 
VIBRATION OF STEEL-FRAMED FLOORS SUPPORTING SENSITIVE 
EQUIPMENT IN HOSPITALS, RESEARCH FACILITIES, AND MANUFACTURING 
FACILITIES 
 
Floors have traditionally been designed only for strength and deflection 
serviceability. As technological advances have been made in medical, scientific and 
micro-electronics manufacturing, many types of equipment have become sensitive to 
vibration of the supporting floor.  Thus, vibration serviceability has become a routinely 
evaluated limit state for floors supporting sensitive equipment. Equipment vibration 
tolerance limits are sometimes expressed as waveform peak acceleration, and are more 
often expressed as narrowband spectral acceleration, or one-third octave spectral velocity.   
Current floor vibration prediction methods, such as those found in the American 
Institute of Steel Construction Design Guide 11, Floor Vibrations Due to Human Activity, 
the British Steel Construction Institute P354, Design of Floors for Vibration: a New 
Approach and the British Concrete Centre CCIP-016 A Design Guide for Footfall 
Induced Vibration of Structures, have limitations. It has been observed that non-structural 
components such as light-weight partitions could significantly change floor dynamic 
properties. Current prediction methods do not provide a fundamental frequency manual 
prediction method nor finite element modeling guidance for floors with non-structural 
components. Current prediction methods only predict waveform peak acceleration and do 
not provide predictions for frequency domain response including narrowband spectral 
acceleration or one-third octave spectral velocity.  Also, current methods are not 
calibrated to provide a specific level of conservatism.   
This research project provides (1) a fundamental frequency manual prediction 
method for floors with lightweight partitions; (2) an improved finite element modeling 
procedure for floors with light-weight partitions; (3) a procedure to predict the vibration 
response in narrow-band spectrum and one-third octave band spectrum which can be 
  
directly compared with vibration tolerance limits; and (4) a simplified experimental 
procedure to estimate the floor natural frequencies. 
An experimental program including four steel-framed building floors and a 
concrete was completed.  Modal tests were performed on two of the steel-framed 
buildings and the concrete building using an electrodynamic shaker.  Experimental modal 
analysis techniques were used to estimate the modal properties: natural frequencies, mode 
shapes, and damping ratios.  Responses to walking excitation were measured several 
times in each tested bay for individuals walking at different walking speeds.  During each 
test, the walker crossed the middle of the bay using a metronome to help maintain the 
intended cadence.   
The proposed method was used to predict the modal properties and responses to 
walking.  The measurements are used to assess the precision of the proposed methods and 
to calibrate the prediction methods to provide a specific probability that the actual 
response will exceed the predicted response.  Comparison of measurements and 
predictions shows the proposed methods are sufficiently accurate for design usage. 
 
KEYWORDS: Floor Vibration, Natural Mode, Frequency Response, Impulse Response, 
Resonant Response, Experimental Modal Analysis 
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CHAPTER 1  
INTRODUCTION 
1.1 Current State of Sensitive Equipment Vibration Evaluation 
Steel-framed floors are commonly used to support vibration-sensitive equipment 
in hospitals, laboratories, and other modern facilities.  Sensitive equipment vibration 
tolerance limits range from stringent to extremely stringent, so walking vibration 
serviceability often requires much larger beam and girder sizes than those required for 
strength and deflection.  Thus, floor vibration serviceability can increase the cost of steel 
framing on a project and, in some cases, lead the design team to use a reinforced concrete 
floor system. 
Equipment manufacturers sometimes provide specific tolerance limits expressed 
as waveform (response as a function of time such as the example shown in Figure 1.1(a)) 
peak or peak-to-peak acceleration.  Manufacturers also frequently express vibration 
tolerance limits as narrowband acceleration spectra as shown in Figure 1.1(b).  
Occasionally, the manufacturer specifies both waveform peak and narrowband spectral 
acceleration limits.  When the equipment manufacturer has not been selected, engineers 
rely on generic tolerance limits usually expressed as one-third octave spectral velocities 
such as those included in the AISC Design Guide 11 (Murray et al. 1997) (DG11) 
Chapter 6.  An example one-third octave spectrum and limit (VC-A, 2000 micro-in. /sec. 
(mips)) is shown in Figure 1.1 (c). 
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North American engineers usually use DG11 Chapter 6 to predict the waveform 
peak vibrational velocity due to walking for comparison with generic tolerance limits that 
are expressed as one-third octave spectral velocities.  This approach is conservative 
because the waveform peak velocity is larger than the one-third octave spectral velocity.  
European engineers usually use the British Steel Construction Institute SCI P354 (Smith 
et al. 2007) to predict the acceleration following a footstep, which can be directly 
compared to waveform peak acceleration limits.     
 
 
 
 
(a) Acceleration Waveform (b) Narrowband Acceleration Spectrum 
 
(c) One-Third Octave Velocity Spectrum 
Figure 1.1 Example Floor Response to Walking 
The North American and British approaches have the following shortcomings.  
First, each method predicts the waveform peak response, but tolerance limits are usually 
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expressed as spectral limits as described above.  First for a direct comparison of tolerance 
limit and predicted response, the predicted response must be converted to a spectral value 
requiring operations which are impractical for typical structural engineering design office 
usage, leading engineers to conservatively compare the waveform response to the spectral 
limit.  Second, neither method is calibrated to provide a specific level of conservatism, 
i.e., probability that the actual response will exceed the predicted response.  Also only for 
DG11, Chapter 6 was based on the research findings by Ungar and White (1979) and 
more research on force models has been carried out.  Fourth, DG 11 Chapter 6 gives the 
acceleration response as 
Xmax =
FmΔ p fo2
2 fn2  
Eq. 1.1 
which can be rewritten as 
Xmax =
4π2FmΔ p fo2M
2K  Eq. 1.2 
where 
Fm = maximum footfall force 
ΔP = floor's deflection due to a unit concentrated load 
fo = 1 / to, to is the footfall pulse rise and deacay time  
M = modal mass 
K = modal stiffness 
It can be seen that the response increases with increased modal mass, which is 
counter intuitive.  Last but not least, non-structural partitions contribute significantly to 
floor dynamic properties. Current approaches do not have a prediction method for the 
fundamental frequency for floor with non-structural partitions.  
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1.2 Objectives 
The objective of this research is to provide improved methods for the evaluation 
of walking vibration on steel-framed floors supporting sensitive equipment.  An 
improved method must be practical for design use with or without the aid of finite 
element analysis (FEA) software.  An improved method should model the actual behavior, 
e.g., resonant response or impulse response.  While any walking vibration prediction 
method is expected to be much less precise than strength and stiffness prediction methods, 
an improved vibration prediction method should be fairly precise and have a known 
probability that the actual response will exceed the predicted response. This method must 
predict the response in a form (e.g., waveform peak acceleration, narrowband spectral 
acceleration, or one-third octave spectral velocity) that is directly comparable to the 
equipment tolerance limit.  Also a more accurate natural frequency prediction method is 
needed for floors with non-structural partitions. 
1.3 Acceptance Criteria 
Floor vibration serviceability is evaluated as satisfactory if the predicted response 
to walking is less than or equal to the tolerance limit, and unsatisfactory otherwise.  The 
tolerance limit form, which varies from project to project, is usually expressed as 
waveform peak acceleration, narrowband spectral acceleration magnitude, or one-third 
octave spectral velocity magnitude.  For a direct comparison, the predicted response to 
walking must be in the same form as the tolerance limit.  Thus, the criterion is usually 
expressed as one of the following three forms:  
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Limitpeakpeak aa ,≤  
Eq. 1.3 LimitNBNB AA ,≤  
LimitVV ,3/13/1 ≤  
where 
apeak, apeak,Limit = waveform peak acceleration, predicted and tolerance limit, 
respectively 
ANB, ANB,Limit = narrowband spectral acceleration magnitude, predicted and tolerance 
limit, respectively 
V1/3, V1/3,Limit = one-third octave spectral velocity magnitude, predicted and tolerance 
limit, respectively 
1.4 Tolerance Limit 
As mentioned previously, the vibration tolerance limit varies from project to 
project.  If the equipment vendor has been selected, then they can probably provide 
tolerance limits specific to their equipment.  These are presented in diverse forms and 
Figure 1.2 is a good example from a magnetic resonance imager.  Because the heading is 
“Steady State Vibration,” the manufacturer is referring to sinusoidal accelerations.  
Walking accelerations are not long-term sinusoidal vibrations in the time domain, but are 
broken into individual sinusoidal components by transformation to a narrowband 
spectrum.  Thus, the following shows a narrowband spectral acceleration limit of 75 
micro-g or 0.0075%g in the 0-26 Hz band that contains practically all response to 
walking.  Spectra may be displayed as peak, as in sinusoidal amplitude, or root-mean-
square (rms), and in this case, the manufacturer chose to specify the limit as rms 
acceleration.   
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Figure 1.2 Example Specific Limit 
When a vendor has not been selected, it is usually necessary to use generic 
tolerance limits such as those provided in DG11 Table 6.1 (Figure 1.3).  
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Figure 1.3 DG11 Table 6.1 
1.5 Response Prediction 
The type of response to walking depends on the natural frequencies of the floor 
bay being evaluated and the step frequency of the walker.  If the bay has at least one 
responsive mode with frequency less than the fourth harmonic maximum frequency (f4max) 
of the walking force, then one of the first four harmonic can match the natural frequency 
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and cause a resonant response as shown in Figure 1.4(a). If all responsive natural modes 
have frequencies above f4max, or no harmonic of the step frequency match floor 
responsive frequency, then resonance will not occur and the response resembles a series 
of impulse responses such as the one shown in Figure 1.4(b). Resonant response and 
impulse response prediction requires different equations. 
 
 
 
 
(a) Resonant Response (b) Impulse Response 
Figure 1.4 Example Floor Response Waveforms 
To predict the response of a floor using the methods proposed in this research, the 
following steps are followed. 
1. Determine the natural frequency using the methods provided in Chapter 4 or 5.  
Determine the possible type of response. If there is at least one responsive mode 
below f4max, then both impulse response and resonant response are possible. 
2. Establish the tolerance limit.  If a specific manufacturer vibration limit is 
available, then it should be used.  If specific limits are not available, then use a 
generic limit.  This step establishes the required form of the response, e.g., 
waveform peak, narrowband spectral acceleration, or one-third octave velocity. 
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3. Compute the response in the required form. Use Chapter 6 for impulse response 
prediction with finite element analysis, Chapter 7 for impulse response prediction 
with manual calculation, Chapter 8 for resonant response prediction with manual 
calculation and Chapter 9 resonant response prediction with finite element 
analysis. 
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CHAPTER 2  
THEORETICAL BACKGROUND AND LITERATURE REVIEW 
2.1 History and Background 
Tredgold (1828) published one of the first known stiffness criteria with the intent 
of avoiding vibration problems.  This criterion suggested sufficient depth of long span 
girders to avoid “shaking everything in the room.”  Nearly 50 years ago, Lenzen (1966) 
noticed that advances in technology and materials led to lighter floors and resulted in 
noticeable floor vibrations caused by human impact.  As such the Steel Joist Institute 
sponsored its first initiative to research the vibration of steel joist-concrete slab floor 
systems. 
The floor system is an orthotropic plate and the dynamic response of orthotropic 
plate under external load can be found by first transforming the governing differential 
equation from geometric coordinates to modal coordinates (Timoshenko 1959, Harik 
1986) then calculating the dynamic response at each mode. The total response of the floor 
is the superposition of the response of all the natural modes.  
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2.2 Analytical Solution of Floor Subject to Dynamic Load 
2.2.1 Governing Differential Equation of Floor System 
A typical composite floor slab is shown in Figure 2.1.  The stiffness of composite 
floor is different in two perpendicular directions, parallel and perpendicular to the deck 
rib. In this research an equivalent orthotropic slab that has constant thickness and same 
dynamic properties as the composite floor, is used to represent the composite floor 
system. The equivalent orthotropic slab with uniformly distributed mass is a continuous 
system with (1) in plane dimensions of the slab is much larger than its thickness and (2) 
deflections are small compared with its thickness. Therefore the Kirchhoff-Love plate 
theory is used with the following assumptions (1) there is no axial deformation in the 
middle plane of the plate; (2) points lying initially on a normal to the middle plane remain 
on the normal to the middle plane after bending; and (3) the normal stresses in the 
direction transverse to the plate can be disregarded (Timoshenko, 1959) 
 
Figure 2.1 Typical Construction of Floor System  
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and µx and Ex are the Poisson’s ratio and Young’s modulus in the direction perpendicular 
to rib, µy and Ey are the Poisson’s ratio and Young’s modulus in the direction parrallel to 
rib, ρ is mass density and h is the thickness of the plate.  The displacement is given by 
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Eq. 2.9 
in which Fm(x) and Gn(y) are mode shape functions that satisfy (1) the boundary 
conditions; (2) actual shape of movement of the mth mode; and (3) orthogonality 
conditions specified in Eq. 2.10 through Eq. 2.12. 
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After derivation (Appendix A), the governing differential equation can be written 
in the modal coordinate as Eq. 2.13 
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Eq. 2.16 
and Y is the response of mode mn. The total response in geometric coordinate can then be 
obtained by superposition of each mode using Eq. 2.17. 
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Eq. 2.17 
The impulse response of floor system can be found by first calculate the impulse 
response at each mode using the governing differential equation in its modal coordinates 
(Eq. 2.13). When mode shape function Fm and Gn adopt their mass normalized form, 
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which means the modal mass defined in Eq. 2.14 is equal to 1, the acceleration response 
due to an impulse with magnitude I at mode mn is 
amn t( ) = Fm xs( )Gn ys( ) IωDe−ζωnt sin ωDt( )   Eq. 2.18 
in which xs and ys are the coordinates at location of excitation (foot steps). The total 
response is then obtained by superposition of the responses of all the natural modes.  
a x, y, t( ) = Fm xs( )Fm x( )Gn ys( )Gn y( ) IωDe−ζωnt sin ωDt( )
n=1
∞
∑
m=1
∞
∑
 
  Eq. 2.19 
Similarly, the resonant response with driving force p sin(ωmnt) at (xs, ys) at mode mn can 
be found by  
amn t( ) = Fm xs( )Gn ys( )
p
2ζmn
sin ωt( )
 
   Eq. 2.20 
The total response is obtained by superposition of the responses of all the natural modes. 
The resonant response is dominated by the mode with frequency match the driving 
frequency and the response is given by 
a x, y, t( ) = Fm x( )Gn y( )Fm xs( )Gn ys( )
p
2ζ sin ωt( )  
  Eq. 2.21 
Detailed derivation can be found in Appendix A 
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2.3 Pedestrian Induced Force 
2.3.1 Walking Speed and Pacing Rate 
It will be shown that pedestrian-induced force on floor system is closely related to 
the walking speed and pacing rate. Matsumoto (1972) reported a mean pacing rate of 1.99 
Hz and standard deviation of 0.173 Hz based on the measurements of 505 persons 
walking at self-selected speed.  Bachmann (1987) found the frequency range of human 
walking is between 1.5 Hz and 2.5 Hz. Kerr (2001) measured footfall impulse force from 
a group of 40 people, and reported that all subjects found it extremely difficult to walk 
beyond 2.6 Hz.  Pachi and Ji (2005) monitored 100 women and 100 men on a footbridge 
and a shopping floor. It was observed that people walk in a frequency range between 1.7 
Hz and 2.5 Hz with an average of 2.0 Hz on shopping floor, and on the footbridge people 
walk in a frequency range between 1.4 Hz and 2.1 Hz with an average frequency of 1.8 
Hz. Zivanovic et al. (2007) monitored pedestrian traffic on an indoor footbridge 
connecting two buildings inside a university campus, and a total number of 939 
pedestrians crossed the bridge. The step frequency followed the normal distribution 
having a mean value equal to 1.94 Hz, and standard deviation of 0.187 Hz. In general 
people tend to walk at a different pace in different environment, the most comfortable 
walking pace is about from 1.8 Hz to 2.0 Hz, and the pacing frequency follows normal 
distribution and the frequency range between 1.4 Hz and 2.5 Hz cover almost walking 
events. 
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2.3.2 Force Measurements 
Numerous research has been conducted to measure the pedestrian-induced 
loading using a force plate, including Galbraith and Barton (1970), Ohlsson (1982), 
Wheeler (1982), Rainer (1986), Giakas and Baltzopoulos (1997), Kerr (2001), 
Ebrahimpour et al. (1996) and Gard et al. (2004). 
Rainer (1986) used a floor strip with known dynamic properties to measure the 
force due to both walking and running. Force transducers were inserted between the 
support at center span and the floor strip.  Walking and running tests were performed by 
three male subjects. The measured force time histories were expressed as Fourier series 
with estimated Fourier coefficients. The most comprehensive force data set was collected 
by Kerr (2001) from a group consisting of 32 male and 8 female walkers. Each subject 
was asked to walk along a raised platform and step onto a calibrated force plate. Walking 
frequency was controlled by following the tones generated from an electronic metronome. 
The walking frequency range was chosen between 1.0 and 3.0 Hz. Over 1000 individual 
tests were conducted, and the impact information, produced when contact was made with 
the force plate, was recorded by a data acquisition system in the form of a footfall trace 
sampled at 200 samples per second. Gard et al. (2004) used six force plates so that the 
subjects could walk with a wide range of step length and at his or her fastest comfortable 
speed. 
In general force plates are used to determine force trace from single footstep.  The 
current walking excitation models are derived from the measurement of impulse force 
from a single footstep, and assume that walking is a perfectly periodic activity. This 
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means that all the steps in an entire walking event are assumed to be perfectly identical.  
In recent years research has been conducted on continuous walking time histories 
comprising several consecutive steps. Kram and Powell (1989) designed a motorized 
treadmill with a force platform directly mounted under the belt. Using the treadmill, 
vertical force could be recorded from an unlimited number of successive ground contacts. 
Later Kram et al. (1998) built a force treadmill that could measure three components of 
the ground-reaction force and moments. Belli et al. (2001) used treadmill ergometer to 
measure the vertical and horizontal ground reaction force. Paolini et al. (2007) built a tri-
axial-instrumented treadmill unit with three force platforms which could measure vertical 
and shear ground reaction forces and moments during both walking and running.  
Brownjohn (2004) used an instrumented treadmill to study the effect of the 
random imperfection of real continuous walking. Both a measured footfall force 
waveform from real walking and a constructed force waveform were applied on a SDOF 
system.  It was found that, from the results in the frequency domain, energy leaked into 
adjacent frequencies especially for higher harmonics coinciding with frequencies of 
vibration modes. This leakage generally resulted in reduced response compared with the 
prediction using a perfect pedestrian model. The leakage was proportional to the 
harmonic frequency, the higher the center frequency; the greater the spread of the energy. 
His study showed that (1) for the third through sixth harmonic of real walking, the 
magnitude of harmonic from real walking time-history waveform was about 0.6 the 
magnitude of the harmonic of the constructed perfect pedestrian time-history waveform, 
and (2) most energy was within the frequency range from 0.95 to 1.05 times harmonic 
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frequency. He suggested design procedure should account for the imperfection of 
individual walking excitation.  
2.3.3 Force Models for Resonant Response 
In prediction methods, the floor system (one bay with corresponding mass) is 
modeled as a spring-mass-damper system. The pedestrian induced load is idealized as a 
Fourier series and one term matching a natural frequency of floor system, therefore 
causing resonance and resulting in the maximum response.  A dynamic coefficient is 
defined as the ratio of the magnitude of the harmonic load and the walker weight. 
Dynamic coefficients from several design guides are summarized in Table 2.1. 
Table 2.1 Dynamic Coefficients 
Harmonic SCI P354 (Smith et al. 2007) 
CCIP 016 
(Willford et al. 2004) 
Rainer et al 
(1988) 
Davis 
(2008) 
1 0.436(fstep – 0.95) 0.37(fstep – 0.95) 0.5 - 
2 0.006(fstep + 12.3) 0.054+0.0044 fstep 0.2 0.068 
3 0.007(fstep + 5.2) 0.026+0.0050 fstep 0.1 0.055 
4 0.007(fstep + 2.0) 0.010+0.0051 fstep 0.05 0.048 
Using curve fitting, Allen and Murray (1993) expressed the dynamic coefficients 
as a function of the floor fundamental frequency shown in Eq. 2.22 and it was later 
adopted by AISC DG11. 
αi = K exp −0.35 fn( )  Eq. 2.22 
where K varies for different types of floors. 
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2.3.4 Force Models for Impulse Response 
2.3.4.1 Galbraith and Barton Model 
The original work for this force model was carried out by Galbraith and Barton 
(1970). This study was based on the measurements from three subjects walking at rates 
ranging from very slow (30 steps/minutes) to very fast (240 steps/minutes) over three 
types of surface and footwear varying from high heels to stocking feet. The maximum 
force, Fm and the pulse rise and decay time have been found to depend on the walking 
speed and the person’s weight. In general fast walking caused higher load, foot-wear, 
floor surface were unimportant. 
   Ungar and White (1979) proposed a simplified force model (Figure 2.2 and Eq. 
2.23) by analyzing the response of a linear single-degree-of-freedom system to the force 
model.  This force model was later adopted by AISC Design Guide 11.  
 
Figure 2.2 Galbraith and Barton Model 
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where Fm is the maximum force produced by walking person, to is the rise and decay time 
and tp is the plateau duration.  
2.3.4.2 Ellis Model 
Ellis (2000) believed that lightly damped high frequency floors with a frequency 
above 8 Hz could have resonance response in the same manner as low-frequency floor.  
He proposed 0.1 as dynamic coefficients for the fourth through eighth harmonics.  
2.3.4.3 Kerr, Willford and Young Model 
Response due to footfall on high frequency floor is a series of impulse responses 
that experience a fast decay after each step and there is no resonant build-up. For a SDOF 
system with mass M, the peak velocity v caused by impulse I is 
M
Iv =
 
Eq. 2.24 
It can be seen the peak velocity of the SDOF system with unit mass is numerically equal 
to the magnitude of the impulse. Willford and Young (Willford and Young, unpublished 
data, 2001) reported that floor system analytical representations (equal mass and varying 
natural frequencies) were subjected to 880 measured footstep forces (Kerr 2001).  The 
maximum computed velocity was then used to determine “effective impulses.”  The 
results indicated that the effective impulse increased as the step frequency increased and 
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decreased as the natural frequency increased. The effective impulse with force-time units 
such as lbf-s, is   
I = 42 fstep1.43 / fn1.30 N − sec( )  Eq. 2.25 
This force model are adopted by British design guides including SCI P354 and CCIP 016. 
2.3.4.4 Ohlsson Model 
Ohlsson (1988) describe the walking excitation force in terms of its power 
spectral density Sff as function of frequency f, given by 
( ) 2/30000 ffS ff =  Eq. 2.26 
The rms velocity could be obtained by the relationship between rms velocity and auto 
spectrum density in the theory of random vibration.  
2.3.4.5 Accuracy of the Force Model 
Pavic and Reynolds (2001) evaluated the Ellis (2000), Kerr (1998), Willford and 
Young (2001) and Ohlsson (1998) Model and concluded all the three models were 
conservative, and Kerr, Willford and Young’s model was the least conservative. 
Brownjohn (2008) evaluate the Galbraith and Barton (1970) model and Kerr, Willford 
and Young model. Both the two models and measured footfall force were applied to a 
SDOF system with natural frequency from 5 to 25 Hz. It was observed that response of 
SDOF system due Kerr, Willford and Young model had similar trend to the measured 
footfall force, and concluded that it was more accurate than Galbraith and Barton model. 
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2.4 Floor Dynamic Properties 
2.4.1 Fundamental Frequency 
As recommended by Allen and Murray (1993), AISC DG 11 Chapter 3 predicts 
floor fundamental frequency by first estimating the beam panel mode natural frequency 
and girder panel mode natural frequency separately (Eq. 2.27) and then combining them 
(Eq. 2.28).  
4, 2 wL
IgEf tsgj
π
=
 
Eq. 2.27 
where 
fj,g = beam or girder mode fundamental natural frequency, Hz 
g = acceleration of gravity 
Es = modulus of elasticity of steel 
It = transformed moment of inertia 
w = uniformly distributed weight per unit length 
L = member span 
The floor natural frequency is estimated using the Dunkerley relationship 
1
fn
2
=
1
f j
2
+
1
fg
2
 
Eq. 2.28 
SCI P354 Chapter 7 predicts the fundamental mode natural frequency by first 
considering a beam panel mode natural frequency and a girder panel mode natural 
frequency separately (Eq. 2.29) and then the floor fundamental frequency fn is the 
minimum of the two, i.e. 
fn =
18
δ  
Eq. 2.29 
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where δ is the total deflection of slab and beam for the beam panel mode and total 
deflection of slab, beam and girder for the girder panel mode. 
CCIP 016 provides a method for calculating fundamental frequency for certain 
regular rectangular floor bays. The natural frequency of the fundamental mode of single 
long bay f1 is 
f1 = K fmK f
π
2
D
mL4  
Eq. 2.30 
where Kf is a multiplier on the natural frequency account for two-way spanning and Kfm 
is a multiplier account for the effect of adjacent parallel bay and D is the flexural rigidity 
of the slab.  For the higher mode of a uniform rectangular plates simply supported along 
four edges, the natural frequency of a mode having j and k half sine waves in the two 
orthogonal directions is 
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Eq. 2.31 
where 
fj,k = beam or girder mode fundamental natural frequency, Hz 
Dx = slab rigidity in direction perpendicular to slab ribs 
Dy = slab rigidity in direction parallel to slab ribs 
H = slab torsional stiffness 
m = uniformly distributed mass per unit area 
L = member span parallel to slab ribs 
W = member span perpendicular to slab ribs 
Barrett (2006) carried out extensive modal testing on three composite floor bays. 
It was found that large multi-bay floors have many different modes of vibration but each 
individual bay in a floor system is typically dominated by a single frequency. Bays with 
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similar framing but slightly dissimilar boundary conditions had similar dominant 
frequencies. 
2.4.2 Floor Loading 
AISC DG11 recommends that for typical office floors with desks, file cabinet, 
bookcases, etc., live load is taken as 11 psf. For residential floor, live load is taken as 6 
psf. For shopping center floors, live load is taken as zero. Superimposed dead load for 
typical ceiling and ductwork is taken as 4 psf. 
SCI P354 recommends the mass per unit area should be taken as the unfactored 
self-weight of the structure including superimposed dead loads such as the weight of 
ceilings and services. For live load it is recommended that the allowance should not 
exceed 10% of the nominal imposed load. 
2.4.3 Damping 
AISC DG 11 recommends that the damping associated with floor systems 
depends primarily on non-structural components, furnishings and occupants. The 
damping ratio is 1% for floors without non-structural components or furnishings and few 
occupants, 2% for floors with very few non-structural components or furnishings, 3% for 
floor with non-structural components and furnishings but with only small demountable 
partitions and 5% for office and residence with full-height partitions between floors. 
SCI P354 recommends that the damping ratio of steel framed floor can be taken as 
0.5% for fully welded steel structures, e.g. staircases, 1.1% for completely bare floors or 
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floors where only a small amount of furnishings are present, 3.0% for fully fitted out and 
furnished floors in normal use and 4.5% for a floor where the designer is confident that 
partitions will be appropriately located to interrupt the relevant mode(s) of vibration. 
Barrett (2006) compared several methods to obtain damping ratio including half 
power bandwidth, decay curve fitting and multi degree of freedom curve fitting and 
showed that these methods were in general agreement with their limitations. The half 
power bandwidth method tended to over estimate damping ratio with the presence of 
closely spaced modes that had the tendency to widen the dominant peak. Decay curve 
fitting also had difficulty estimating damping ratio with presence of closely spaced modes.  
Using modal analysis software to perform MDOF curve fitting was the most reliable 
method because of its ability to accommodate closely spaced modes. 
2.5 Current Impulse Response Prediction Methods 
This section reviews current impulse response prediction methods, Ohlsson’s 
Method, SCI P076, AISC Design Guide 11 Chapter 6, Ellis’ Method, SCI P331, CCIP-
016, Ungar’s Method and SCI P354. 
2.5.1 Ohlsson’s Method 
Ohlsson (1988) described the walking excitation force in terms of its power 
spectral density (Eq. 2.26). The floor response in term of rms velocity could be obtained 
by  
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vrms = H ( f ) 2 Sff f( )df6
50
∫
 
Eq. 2.32 
where H(f) is the frequency response function (FRF) magnitude for the target floor, 
representing floor response at each given frequency.   
2.5.2 SCI P076 
SCI publication P076 Design Guide on the Vibration of Floors (Wyatt et al. 1989) 
predicts acceleration response using the following equation: 
Amax =
2π fnCiI
mbL  
Eq. 2.33 
where fn is the floor natural frequency, Ci is an empirical constant and approximately 
equal to 1.7, I is impulse from walking (3-4 N-s), and b is floor beam spacing. 
2.5.3 AISC DG11 Chapter 6 
The American Institute of Steel Construction (AISC) Design Guide 11, entitled 
Floor Vibrations Due to Human Activity (Murray et al. 1997), contains the most widely 
used vibration evaluation criteria in North America. In DG11 Chapter 6, the floor bay is 
assumed to act as a single degree of freedom (SDOF) system subject to an idealized 
footfall pulse (Figure 2.2).  The maximum vibrational velocity is approximated by the 
following equation: 
n
opm
max f
fF
V
2Δ
=π
 
Eq. 2.34 
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where Δp  is the mid-span flexibility, fn is floor natural frequency, and Fm is peak value of 
footfall force and fo is equal to 1 / to (see Figure 2.2). 
2.5.4 Ellis’ Method 
Ellis (2000) believed that lightly damped floors with a frequency above 8 Hz can 
have resonance response in the same manner as low-frequency floor.  He proposed 0.1 as 
dynamic loading factors for the fourth through eighth harmonics.  Vibration response was 
estimated by calculating the resonance response of a single degree of freedom system, 
using  
Vpeak = R1R2π
fF
ζk  
Eq. 2.35 
where f is the floor natural frequency matching the harmonic of walking frequency, k is 
modal stiffness, F is equal to one tenth of the walker’s weight, and R1, R2 are reduction 
factors.  Note that a dynamic load factor of 0.1 is much larger than those reported 
elsewhere in the literature, even for the third and fourth harmonics. 
2.5.5 SCI P331 
The British Steel Construction Institute (SCI) publication P331 Design Guide on 
the Vibration of Floors in Hospitals (Hicks et al. 2004) defines effective impulse using 
Ieff =
190
fn1.3  
Eq. 2.36 
The peak acceleration is then given by 
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amax = 2π fn
Ieff
M  
Eq. 2.37 
where fn is floor natural frequency and M is the floor’s effective modal mass.   
2.5.6 CCIP-016 
The peak velocity due to excitation of the rth mode is calculated using  
Vpeak,i, j = µiµ j
Ieff
Mr  
Eq. 2.38 
where Ieff is the effective impulse, Mr is the modal mass of mode r, and µi and µj are mode 
shape factors at force and response location respectively. Total response is found by 
superposition of the velocity response amplitude in each mode. All the natural modes 
with frequencies up to twice the lowest natural frequency should be included.  Mode 
shape factors and modal mass can be obtained by FEA. When FEA is not available, the 
total impulse peak velocity response is estimated using 
Vpeak = Kim
Ieff
M  
Eq. 2.39 
where Kim is the impulsive response multiplier determined from the width-to-span ratio, 
Ieff is the effective impulse, and M is the modal mass, which is equal to one fourth of the 
total mass of the slab.  This method can be used for composite floors or ribbed concrete 
floors.  The simplified method (Eq. 2.39) is restricted to regular rectangular floor bays of 
uniform properties which can be approximated reasonably well as simply supported 
plates having equal or different stiffness in the two orthogonal directions (Willford et al. 
2006). 
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2.5.7 Ungar’s Method	  
In this method, developed by Ungar (2004), the floor bay is considered as an 
SDOF system subject to the idealized footfall pulse which contains three parts: a rise time, 
a constant load time, and a fall back to zero.  The displacement X (t) of the SDOF 
oscillator with mass m and stiffness k subject to the idealized force pulse F (t) is found 
using Duhamel’s integral 
2 X t( )Xst
=1− cos 2πfnt( )+
2πfn( )2
2πfn( )2 − πf0( )2#$ %&
cos 2πfnt( )− cos πf0t( )#$ %& (Rise)
 
Eq. 2.40 
2 X t( )Xst
= 2+ π f0( )
2
2π fn( )2 − π fo( )2"# $%
cos 2π fnt( )+ cos π fot −π foto( )"# $% (Dwell)
 
Eq. 2.41 
2 X t( )Xst
= 2+ π f0( )
2
2π fn( )2 − π fo( )2"# $%
cos 2π fnt( )+ cos 2π fnt −π fnt( )"#
 
−cos 2π fnt − 2π fntp − 2π fnto( )+
2π fn( )2
π fo( )
2 cos 2π fnt − 2π fntp − 2π fnto( ) (Drop)
 
Eq. 2.42 
where fn is floor natural frequency and Xst  is static displacement due to Fm.  The peak 
velocity due to the idealized footfall pulse is found by differentiating the above equations 
with respect to time.  
2.5.8 SCI P354 
SCI P354 suggests cutoff frequency of low frequency and high frequency floor is 
8 Hz for enclosed spaces and 10 Hz for general floors. On high frequency floor only 
transient response need to be checked. The transient response is given by 
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apeak,e,r,n = 2π fn 1−ζn2µe,nµr,n
Ieff ,n
Mn  
Eq. 2.43 
where Ieff is the effective impulse given by Eq. 2.25, Mn and ζn are the modal mass and 
damping of the nth mode, and fn is floor natural frequency for the nth mode.    µe,n and µr,n 
are mode shape factors at the excitation and response locations, respectively.  The mode 
shape factors, modal mass and natural frequencies are computed using FEA. The total 
response is obtained by superposition of contributions from modes up to twice the 
fundamental natural frequency. 
When FEA is not available Eq. 2.43 is simplified with a high-end impulse (at the 
maximum considered step frequency, 2.2 Hz) and only one mode considered.  The 
acceleration response is then given by 
2
1
)700(
1852 3.0,
o
rermsw Mf
Qa µπµ=
 
Eq. 2.44 
where Q is the walker’s bodyweight, M is the modal mass of the fundamental mode, fo is 
floor’s fundamental natural frequency—both parameters are computed using closed-form 
equations suitable for manual calculations.   
2.6 Resonant Response Prediction Method 
The resonant response of low frequency floors is significant when a harmonic 
component of the walking activity is close to a floor natural frequency.  This section 
reviews low frequency floor vibration response prediction methods: AISC DG11, SCI 
P354, Arup method, CCIP-016 and simplified frequency domain method (Davis 2008). 
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2.6.1 AISC DG11 
Floor system is considered as an equivalent single degree of freedom system 
subject to harmonic excitation due to harmonic of footfall force.  A time dependent 
harmonic force component that matches the fundamental frequency of the floor is 
F
i
= Pα
i
cos 2πifstept( )  Eq. 2.45 
where  
P = Walker weight 
αi = dynamic coefficient for the ith harmonic force component 
i = harmonic multiple of the step frequency 
fstep = step frequency 
The approximate relationship between dynamic coefficient and floor fundamental 
frequency (Rainer et al 1988, Allen and Murray 1993) is given by 
α = 0.83exp −0.35 fn( )  Eq. 2.46 
The steady state response of an equivalent single degree of freedom system is then given 
by 
( )
W
PRf
g
a n
β
−
=
35.0exp83.0
 
Eq. 2.47 
The reduction factor R takes into account the fact that full steady-state resonant motion is 
not achieved and that walker and observer are not at midspan. 
2.6.2 SCI P354 
SCI P354 suggests that for low frequency floor, both steady state and transient 
response should be checked.  The rms steady state acceleration response at position r, 
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from excitation at point e, in a single mode of frequency fn, to a forcing sinusoid of 
frequency hfp and amplitude Fh may be obtained from the following 
aw,rms,e,r,n,h = µe,nµr,n
Fh
Mn 2
Dn,h
 
Eq. 2.48 
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Eq. 2.49 
where  
µ
e,n  = mode shape factor at point of excitation 
nr,µ  = mode shape factor at point of response 
Fh = excitation force for the hth harmonic  
Mn = modal mass of mode n 
Dn,h = dynamic magnification factor for acceleration 
h = number of the hth harmonic 
ζ = damping ratio 
fp = walking frequency 
fn = natural frequency of mode under consideration 
The mode shape factors, modal mass and natural frequencies are computed using 
FEA. The total response is obtained by superposition of contributions from modes up to 
twice the fundamental natural frequency. 
When finite element analysis is not available, Eq. 2.50 is used for manual 
calculation. 
aw,rms = µeµr
0.1Q
2 2Mζ ρ  
Eq. 2.50 
µe or µr = sin π
z
L
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#
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Eq. 2.51 
where  
µe  = mode shape factor at point of excitation 
µr  = mode shape factor at point of response 
z = distance of the excitation or response point from the nearest beam for the beam 
mode or from the nearest girder in the girder mode 
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L = girder span in girder mode or beam span in beam mode 
M = modal mass 
ρ  = resonance build-up factor 
ζ = damping ratio 
Q = person weight 
2.6.3 ARUP Method 
Willford et al. (2006) recommended (1) all modes of the structure have 
frequencies to 1.5 times the 4th harmonic of footfall frequency should be calculated; and 
(2) the acceleration response am,n of each mode n to each of the harmonic m of the 
footfall force, is calculated by 
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Eq. 2.52 
The total magnitude of response caused by each harmonic at a particular point can be 
obtained by superposition of the contribution of each mode. 
2.6.4 CCIP-016  
The real and imaginary acceleration in each mode at a position r, from excitation 
at a point e, in a single mode of frequency fm, to a force with amplitude Fh can be 
obtained from the following 
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Eq. 2.56 
where  
me,µ  = mode shape amplitude at point of excitation 
mr,µ  = mode shape amplitude at point where response is calculated 
The mode shape factors, modal mass and natural frequencies are computed using 
FEA. When FEA is not available, the total response at is obtained by 
M
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Eq. 2.58 
where 
a1 = response in the fundamental mode 
Krm = factor account for the contribution of higher mode 
ρ = reduction factor for the slab not reaching full resonant response 
Fh = excitation force for the hth harmonic  
M = modal mass of fundamental mode equal to one fourth of floor mass 
ζ = damping ratio 
2.6.5 Simplified Frequency Domain Method (Davis 2008) 
Observing that vast majority of the response to walking in most bays is due to the 
footstep force harmonic that matches the dominant frequency, Davis (2008) proposed to 
calculate the accelerance FRF peak magnitude then multiplied by the harmonic force 
amplitude to get the steady state response to walking. Then the steady state response is 
reduced, using a resonant build-up factor, to predict the actual response. 
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2.7 Finite Element Modeling 
2.7.1 Finite Element Modeling Techniques 
El-Dardiry and Ji (2006) used an orthotropic equivalent plate to model profiled 
composite floors. A method was proposed to calculate the thickness of equivalent shell 
element.  It was found that the equivalent shell model had the same accuracy as the 3D 
solid model and the 3D solid model was much more computationally expensive 
compared to the shell model.  It was also found the steel sheet in a composite floor should 
be considered in modeling as its contribution to the global stiffness of the composite floor 
was not small. Noting that when calculating the equivalent thickness of shell element, 
supplemental finite element model was needed, which brought intricacy to this method.  
El-Dardiry and Ji (2007) studied the eccentricity of the stiffener in stiffened plate 
and concluded that without consideration of eccentricities the plate model significantly 
underestimated the fundamental natural frequency. However, as long as the eccentricities 
were taken into account natural frequencies of composite plates or floors were not 
sensitive to the location of the neutral axis. 
Chung and Sotelino (2005) studied four models for girder in composite girder 
bridges. In model one both the flange and web of the girder were modeled in detail using 
shell elements. Model two used beam elements for flange and shell elements for web. 
Model three used shell elements for flanges and beam elements for web. Model four used 
beam elements. It was found that model one and two require a higher level of mesh 
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refinement to converge and model four has been identified as the most economical model 
and was capable of predicting accurate results. 
Barrett (2006) suggested a set of guidelines in finite element modeling based on 
the experimental and analytical work on three steel-framed composite floors in two 
building. He suggested 35% increase for the elasticity of concrete.  Thin-plate area 
element could be defined using the same thickness of the slab above the deck ribs, and 
the bending stiffness property modifier to represent the orthotropic stiffness of the 
corrugated slab could be determined by computing the ratio of strong-to-weak direction 
moments of inertia of the slab.  Framing members could be modeled with transformed 
composite moments of inertia from DG11. It was recommended to apply the computed 
baseline property modifier to all interior framing members and 2.5 times the baseline 
property modifier to all spandrel members that were on free edges. Strong-axis end-
moment could be released for all beams and girders framing into a column web. A partial 
fixity could be assumed for all continuous beam-to-girder connections and a partial fixity 
rotational spring value equaled to 6EI/L was recommended, where EI/L was determined 
using the connecting members properties.  Based on the experimental work and finite 
element analysis following the guidelines outlined above, Barrett found that large multi-
bay floors had many different modes of vibration but each individual bay was typically 
dominated by a single frequency, characterized as the largest peak on the driving point 
accelerance FRF. The dominant frequency usually can be predicted accurately. A bay 
within a multi-bay floor usually had additional participating frequencies corresponding to 
the dominant frequencies of the surrounding bays.  
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CCIP 016 (Willford and Yound 2006) suggests that (1) it is best to model slabs as 
2D elements (plates or shells), (2) the composite action between slab and down-stand 
concrete ribs or steel beams should be modeled; (3) for the very small strains associated 
with footfall induced vibration, it has been found from tests that connections will 
normally act as if they are fixed rather than pinned.   
SCI P354 (Smith et. al 2007) suggests the following by comparing the finite 
element model with measurements made on a wide variety of composite floors. (1) The 
dynamic modulus of elasticity of concrete should be taken to be 5.5 ksi for normal weight 
concrete and 3.2 ksi for light weight concrete;  (2) Shell elements should be used to 
model the slab.  When possible it is recommended to use orthotropic shell elements for 
composite slabs using profiled steel decking and the thickness of shell element should be 
taken as an effective depth of concrete; (3) Offset beam element should be used to give 
the composite stiffness; (4) All connections should be assumed to be rigid even when 
joints are designed to be pinned, vibrational strains are not large enough to overcome 
friction;  (5) Column sections should be provided and pinned at their theoretical 
inflection points (typically located at mid-height between floors for multi-story 
construction);  (6) Core walls and continuous cladding around facades may be assumed to 
provide full vertical restraint.     
The modal assurance criterion (MAC) (Eq. 2.59) is widely used to estimate the 
degree of correlation between mode shape vectors. The value is between zero and one 
and value of one means that one mode shape vector is a multiple of the other. To evaluate 
MAC value the experimental and analytical mode shapes must contain the same number 
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of elements. Most finite element analysis software does not analyze damping effect 
accurately. Thus the comparison of numerical data derived from a model without 
damping and experimental data coming from a structure with damping is extremely 
difficult. The usual procedure is to create real modes from the identified complex modes 
from measurements (Friswell 1999).  
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Eq. 2.59 
Pavic et al.  (2007) performed FE modeling of a composite floor for an open-plan 
office and optimized the model by maximizing MAC value. In this research beams were 
modeled using ANSYS BEAM 4 elements, and the composite floor was modeled using 
ANSYS SHELL63 orthotropic shell element. Contribution of 1.2 mm thick corrugated 
steel sheeting was neglected. Stiffness in the direction perpendicular to the rib was 
assumed to be 10% of the main stiffness. The thickness of the shell element was 
determined from the condition that 1 m width of the element in the direction of the ribs 
has the same bending stiffness as 1 m width of the real ribbed section. FE model was 
updated by minimizing the difference between measured and predicted natural 
frequencies and maximizing MAC value between measured and predicted mode shapes. 
Masonry walls were also modeled using SHELL63 elements. It was found that inclusion 
of masonry wall increased the difference between the predicted and measured 
fundamental mode, but it led to the right sequence of higher modes. The walls in this 
model were located around the perimeter and concentrated in an area of elevator shaft 
and stairwell, and there were no walls in the open space office that covered majority of 
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the floor. In the four modes studied in this research, motion was concentrated in open 
office space and the area of elevator shaft and stairwell was not responsive. In the 
author’s opinion, these walls served as boundary conditions and did not participate in 
modes, and shell element might not represent the actual behavior of the wall. 
Davis (2008) suggested that the deck-supported slab with large strong to weak 
direction stiffness ratios should be modeled by orthotropic shell elements.  Cracks at 
supports might have some effect on modes that have significant curvature at supports.  
However no established procedure existed for considering the effects.  Beams were 
modeled using frame elements in the same plane as the shell elements and transformed 
strong-axis moments of inertia were calculated using the method recommended by DG11.  
Where applicable, the columns were modeled using frame member and extended to 
halfway below and above the floor being modeled.  Frequency response functions (FRFs) 
were predicted using the stead-state analysis.  Six floors were tested and modeled. The 
accuracy of the models were assessed by comparison between the predicted and 
measured results.  The average ratio of measured to predicted natural frequency was 1.03 
with 8% COV and average ratio of measured to predicted frequencies response function 
maximum magnitudes was 0.69 with 35% COV. 
Miskovic et al. (2009) tested and modeled two nominally identical composite 
floors.  The result showed the different dynamic properties of the two floors. The 
researchers believed that the difference came from different arrangement of the partitions. 
The composite slab was modeled using orthotropic shell element SHELL63 (ANSYS) 
with constant thickness. In the weak direction, stiffness was assumed to be 25% of the 
value in the strong direction. Shell elements were used to model the brick wall, and 
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BEAM4 elements with only axial stiffness were used to model the partitions which only 
restricted vertical translation and not any type of rotation of the floor (Miskovic et al. 
2009).  
2.7.2 Model of Cracked Concrete 
Pavic and Reynolds (2001) did a literature review on modeling of cracks in 
concrete slab. They found “Meyer and Will (1987) suggested that gross concrete cross 
sections should be used in the FE models of both classically reinforced and prestressed 
concrete structures. However, cracks, if they occur, may reduce the floor stiffness 
considerably (Grace & Kennedy, 1990). Therefore, it is prudent not to neglect the 
possibility for cracking, especially in the case of classically reinforced floors. Dynamic 
modulus of elasticity and cracking, together with the boundary conditions, are examples 
of uncertain parameters which may have significant effect on the floor’s stiffness. 
Recognising the problem, it has been suggested to adopt both upper and lower bound 
stiffnesses in FE dynamic analyses (Meyer & Will, 1987; NAFEMS, 1992a; Spence & 
Kenchington, 1993). Meyer and Will justified this by saying: ‘Even though bounding of 
the stiffness does not guarantee bounds on the response, the resulting ranges of expected 
upper and lower bound response values are likely to be more meaningful than single 
values.’ ” 
Pavic et al. (2001) and Miskovic et al. (2009) found that cracks of concrete 
together with several other factors have the potential to affect considerably the floor 
modal properties. However these factors are almost impossible to quantify independently. 
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2.7.3 Effect of Non-structural Components 
Pernica (1987) tested a long-span composite floor system during the construction 
phase immediately after the main structural components were in place, and tested the 
floor again after construction completed. It was found that presence of the partitions (1) 
stiffened the floor and resulted in increased natural frequencies, (2) created additional set 
of modes, (3) increased damping ratio. 
Ellis and Ji (1996) tested and modeled steel framed building with composite floor 
in five stages from construction to completion and studied the dynamic properties of the 
steel framed building. Walls and partitions were modeled using shell elements and 
membrane elements. It was found that (1) the infill walls had a dominant effect on the 
overall stiffness of the structure and was therefore important for any framed structure; (2) 
difficulties were encountered for modeling the steel decking and walls, and models of 
walls in this research was too stiff for the structure. 
Falati (1999) studied the contribution of non-structural components to the overall 
dynamic behavior of concrete slab. It was found the full height partitions, when rigidly 
attached between two floors, act as a flexible support and add extra stiffness to the main 
system. 
2.8 Tolerance Limit and Vibration Criterion Curves 
During the design of the floor, after the vibration response is determined, a 
vibration tolerance criterion is needed to evaluate whether the magnitude can meet the 
requirement for the sensitive equipment supported on the floor. In situation where the 
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sensitive equipment on the target floor is known at the time the floor is being designed, 
the designer may usually obtain specific vibration criteria from the sensitive equipment 
manufacturer. However in most of the cases, a specific vibration criterion is not available 
and only general category of equipment is known when the floor is being designed, the 
designer can rely on generic criteria. 
Generic vibration criterion, known as the BBN Criteria or Vibration Criterion 
(VC) curves (Figure 2.3), were first developed in early 1980s by Eric Ungar and Colin 
Gordon, and adopted by AISC DG11 Chapter 6 (Murray et al. 1997) in 1997.  It was 
originally developed for use in the semiconductor industry (Amick et al. 2005). It also 
includes generic criteria for healthcare facilities such as operating room for regular 
surgery and micro surgery.  The VC is the most commonly used generic design criteria. 
 
Figure 2.3 Vibration Criterion Curves 
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Vibration-related problems generally arise when components within the tool are 
excited at their resonance frequencies. At these resonances large relative movements can 
occur between component and cause operational problems such as image blurring, etc. 
(Gordon 1994). Therefore, it was recommended by Gordon (1994) that during the 
development of vibration criteria for a specific piece of equipment, at each frequency 
over the study range, the vibration to which the tool is exposed shall be increased until 
the point at which the sensitivity threshold is reached. However, the vibration 
environment on the structural is, typically, dominated by broadband random energy 
rather than pure tone energy. Therefore an appropriate bandwidth should be chosen to 
describe the broadband energy from floor vibration when evaluation of the floor’s 
suitability for specific equipment is based on the result from pure tone excitation tests 
(Gordon 1991, 1994). It can be shown a single degree of freedom resonator responds with 
equal energy to a pure tone excitation and to a band of broadband energy, when each is 
set to the same amplitude, if the broadband energy is applied within the band given by 
Δf = ηfn
π
2  
Eq. 2.60 
where Δf is the bandwidth of proportional broadband spectrum, fn is the center frequency 
of the band, and η is the loss factor (Gordon 1991). The loss factor (η) of most of the 
sensitive equipment lies in the range from 0.01 to 0.1. From Eq. 2.60, if two identical 
resonators with loss factor at 0.1 are excited separately by a pure tone excitation and 
broadband excitation within a bandwidth equal to 0.16 times the center frequency, the 
two resonators will respond with same amplitude.  The bandwidth of the one-third octave 
is 0.23 of the band-center frequency. Therefore measurement in one-third octave band 
  
44 
spectrum provides a fairly conservative evaluation for the floor under broadband 
excitation (Gordon 1991). 
Medical imaging instruments are widely used in healthcare facilities and sensitive 
to floor vibration. Floor vibration requirements of operating room mainly result from the 
vibration sensitivity of the medical imaging systems used during surgery procedure.  The 
VC criteria recommend that for the vibration of the floor of regular operating room to be 
limited at 200 µm /s at 4 Hz, and 100 µm /s from 8 Hz to 80 Hz. Note that in the criteria 
table of AISC DG 11 the vibration criterion for operating rooms is in the wrong velocity 
category due to copying error (Ungar 2007).  For sensitive operating rooms, such as 
hybrid operating room and operating room for microsurgery, the floor vibration should 
not exceed limit specified by VC-B. For the MRI imager, the floor vibration should not 
exceed limit specified by VC-C.  For especially sensitive operating rooms, the vibration 
limit is not clear, and the limit at 1000 µ in./sec was chosen based on factor of safety 
(Ungar 2007). 
Electronic Microscope and semiconductor manufacturing equipment are usually 
associated with VC-C through VC-G curves; VC-F and VC-G are not shown in AISC DG 
11. VC-C curve can be used for optical microscopes to 1000x, lithography and inspection 
equipment and electron microscopes with detail size 1µm through 3 µm, and 
stepper/scanner with detail size 1µm through 3 µm. VC-D curve can be used for SEM, 
TEM E-Beam systems with resolution between 100 through 300 nm. VC-E curve is 
assumed to be adequate for the most demanding of sensitive systems, and is the most 
stringent criteria for the purpose of design. VC-F and VC-G curves are used for 
extremely quiet research spaces, not recommended for use as a design criterion. The 
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other set of widely used criterion is the NIST-A and NIST-A1 criterion developed for the 
Advanced Measurement Laboratory (AML) at the National Institute of Standards and 
Technology (NIST), in Gaithersburg, MD. The initial NIST criterion limited rms 
displacement amplitude of 25 nm. When preparing for the project of AML, it was 
suggested that NIST criterion might also consider the requirements of other research 
instruments. The current NIST-A is taken the lower bound of the initial NIST criterion 
and VC-E curve. The NIST-A1 is more stringent than NIST-A criterion and equal to VC-
G curve between 4 Hz and 80 Hz. It limits the rms velocity at 750nm/s at frequency 
between 4 and 100 Hz.  
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CHAPTER 3  
EXPERIMENTAL PROGRAMS 
3.1 Experimental Modal Testing Theory 
In experimental modal analysis, measured force input (excitation) is supplied by 
an electrodynamic shaker and time domain responses (accelerations) are measured at 
various locations on the structure. Frequency response functions (FRFs) are calculated 
from the measured time domain waveform and the dynamic properties are obtained by 
analyzing the FRFs. This section first describe theory and techniques of FRF estimation 
from measured time history waveform and then how to obtain other dynamic properties 
from estimated FRFs 
3.1.1 Frequency Response Function Estimation 
A continuous system can be represented by system of uncoupled SDOF systems.  
The response of the continuous system is known if response of each SDOF system is 
solved. The response y(t) of a SDOF system subject an arbitrary load f (t) can be obtained 
by Duhamel’s integral 
y(t) = h t( )* f t( ) = h τ( ) f t − τ( )dτ−∞
∞
∫  Eq. 3.1 
where * denotes the convolution integral and h(t) is the damped impulse response 
function given by 
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h t( ) = e−ζωnt
sin ωn 1−ζ2 t( )
ωn 1−ζ2  
Eq. 3.2 
 
Fourier transform of the response y (t) is given by 
Y ω( ) = e− jωt y(t)dt−∞
∞
∫ = e− jωt h τ( ) f t − τ( )dτ−∞
∞
∫&'
(
)dt−∞
∞
∫
 
Eq. 3.3 
Change the order of integration and apply the time-shifting property of Fourier transform, 
Eq. 3.3 is rewritten as 
Y ω( ) = h τ( )F ω( )e− jωτ dτ = H ω( )F ω( )−∞
∞
∫  Eq. 3.4 
where Y(ω) and F(ω) are the Fourier transform of the response and input function and 
H(ω) is defined as the frequency response function.  However, in the context of floor 
vibration testing, both the excitation and response are non-deterministic and thus is 
described as random processes. Random process cannot be subject to a valid Fourier 
Transform calculation because it violates the Dirichlet conditions and another approach 
must be used to obtain the frequency response function.  Auto-correlation function, cross-
correlation function, auto spectrum and cross-spectrum are introduced to describe random 
processes. The auto-correlation (Ryy) and cross-correlation (Ryf) function are defined as 
Ryy (τ) = E y t( ) y t + τ( ){ }= limT→∞
1
2T y t( ) y t + τ( )dt−T
T
∫
 
Eq. 3.5 
Ryf (τ) = E y t( ) f t + τ( ){ }= limT→∞
1
2T y t( ) f t + τ( )dt−T
T
∫
 
Eq. 3.6 
in which E(*) is mathematical expectation. It can be shown that auto-correlation and 
cross-correlation functions satisfy Dirichlet conditions and auto-spectrum (also called 
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power spectral density or PSD) and cross-spectrum are defined as the Fourier transform 
of the auto-correlation function and cross-correlation function respectively. 
Syy (ω) = Ryy τ( )e−iωτ dτ−∞
∞
∫  Eq. 3.7 
Syf (ω) = Ryf τ( )e−iωτ dτ−∞
∞
∫  Eq. 3.8 
In experiment when digital signal processing is used, a block of time is measured 
and the measured signal is sampled discretely at very close time interval, the auto-
correlation function of a discretely sampled signal {xn} is defined as 
Ryy (r) =
1
N ynyn+rn=0
N−1
∑ r = 0, 1, 2,!, N −1( )
 
Eq. 3.9 
and the cross-correlation function of discretely sampled data {xn} and {fn} are defined as  
Ryf (r) =
1
N yn fn+rn=0
N−1
∑ r = 0, 1, 2,!, N −1( )
 
Eq. 3.10 
The auto-spectrum and cross-spectrum of a discretely sampled signal are defined 
as the discrete Fourier transform (DFT) of its autocorrelation and cross-correlation 
function. 
Syy = DFT Ryy( )  Eq. 3.11 
Syf = DFT Ryf( )  Eq. 3.12 
It can be shown that the auto-spectrum and cross-spectrum can be obtained from 
the DFT of the input and response signal 
Syy (ω) =Y * ω( )Y ω( )  Eq. 3.13 
Syf (ω) =Y * ω( )F ω( )  Eq. 3.14 
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Sfy (ω) = F* ω( )Y ω( )  Eq. 3.15 
Sff (ω) = F* ω( )F ω( )  Eq. 3.16 
where * means the complex conjugate.   
In experiments, uncorrelated content (noise) always exists. The general 
input/output model with both correlated and uncorrelated signal is shown in Figure 3.1, 
where the input force F (ω) is composed of the measured input and noise NF(ω ). The 
total acceleration output, Y (ω) is composed of the measured output and the noise, NY(ω).  
 
Figure 3.1 General Input / Output Model 
Various assumptions can be made on the input and output noise. The most 
common assumption is that the noise is all contained in the output and that there is no 
uncorrelated input. By assuming NF (ω) = 0 and the uncorrelated output is minimized by 
averaging over an ensemble of several records, after considerable manipulation, the equation 
for estimating FRF is given by 
H1(ω) =
Sfy ω( )
Sff ω( )  
Eq. 3.17 
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This “H1 FRF Estimator” was used in this research.  A larger number of records 
allow better minimization of the effects of uncorrelated output by averaging the records.  
If the input force has significant uncorrelated content, the algorithm cannot minimize its 
effects on the FRF estimate, regardless of the number of records in the ensemble.  It is 
important to have a clean and accurate force measurements and also a quiet environment 
while taking the measurements.  
  The H2 FRF Estimator is derived by assuming all uncorrelated content is in the 
input and none in the output. 
H2 (ω) =
Syy ω( )
Syf ω( )  
Eq. 3.18 
If the measurement is perfect and free of noise, H1 and H2 estimator should give 
the same estimation of FRF, however because of the existence of noise, in experimental 
modal analysis H1 and H2 are always not identical thus a coherence function γ(ω) is 
defined to provide a quality check on the correlation of the measurements. 
γ(ω) = H1 ω( )H2 ω( )
=
Sfx ω( )
2
Sxx ω( )Sff ω( )  
Eq. 3.19 
The coherence function is a real valued function and the values of the coherence 
function lie between 0 and 1. A coherence of 0.0 indicates no correlation and a coherence 
of 1.0 indicates the two signals are perfectly correlated.  
More detailed theory on frequency response function estimation can be found in 
Barrett (2006), Davis (2008) and textbooks such as Ewins (2000) and Newland (2005). 
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3.1.2 Modal Property Extraction Using FRF Curve Fitting 
Experimental modal parameters are estimated by curve fitting a frequency 
response function (FRF) parametric model to a set of experimentally estimated FRFs. 
The outcome of curve fitting is a set of modal parameters including natural frequency, 
damping, and mode shape.   
For a general system with Ni input and No output, the frequency response function 
matrix can be written in terms of modal parameters as 
H (ω)[ ]No×Ni =
Ar[ ]No×Ni
jω−λr
+
Ar*%& '(No×Ni
jω−λ*r
)
*
+
,+
-
.
+
/+r=1
N
∑
 
Eq. 3.20 
where 
A
r[ ]  = residue matrix associate with the mode shape vectors of mode r 
λ
r  = complex frequency of mode r , which is comprised of natural frequency and 
damping ratio 
Eq. 3.20 shows that FRF matrix is a summation of matrix pairs and each matrix 
pair containing the contribution of a single mode. The modal properties of each mode are 
first estimated and then the FRF of the system is re-synthesized. If the re-synthesized 
FRFs from the mathematical model closely resemble the measured FRFs, then the set of 
assumed natural frequencies, damping ratios, and mode shape components approximate 
those of the actual system.  
In this research FRF curve-fitting was performed using ME’ScopeVES Version 
3.0 (Vibrant Technology 2003).  Details on curve-fitting can be found in Davis (2008) 
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Figure 3.2 Sample FRF Curve-Fitting (Black = Measured, Red = Curve-Fit) 
3.1.3 Dynamic Testing Equipment 
3.1.3.1 Electrodynamic Shaker 
The shaker used in this research is an APS Electro-Seis Model 400 shaker (Figure 
3.3) manufactured by APS Dynamics. This shaker is able to output signal in frequency 
range of 0 to 200 Hz and can generate sine wave, swept sine wave, random or impulse 
force waveforms. Rated peak sinusoidal force is 100 lbs from 2.2 Hz to 18 Hz.  The 
shaker is comprised of a stationary core with moving armature mass blocks that weigh 
maximum 67.4 lbs. The entire shaker assembly weighs 236 lbs.  The followings are 
impediments to using a shaker  (1) shipping cost could be high for long distance traveling; 
(2) setup and disassembly are relatively time consuming; (3) sometimes the shaker based 
EMA may cause uncomfortable vibration to the occupants of the floor. 
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3.1.3.2 Accelerometers 
Acceleration response measurements were taken using PCB Model 393C 
accelerometers produced by PCB Piezotronics.  The 393C accelerometer has frequency 
range of 0.025–800 Hz and a sensitivity of 1.0 volt / g.  While testing the in-situ floors, 
accelerometers (Figure 3.3) were fixed on stiff aluminum bearing plate with three-point 
contact with the slab to minimize the possible rattling effect due to small debris or 
imperfections on the tested surface. 
 
Figure 3.3 Electro-Dynamic Shaker and Accelerometer 
3.1.3.3 Multi-Channel Spectrum Analyzer 
OR35 8-channels integrated spectrum analyzer from OROS was used in this 
research.  A front-end program, NV-Gate was used to control the OR35 unit to generate 
the output excitation signal for the shaker and also process the measurements from 
accelerometers.  The OR35 analyzer and NV-Gate can generate output signals including 
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sine wave, multi-sine wave, random noise, chirp and swept sine signals.  OR35 analyzer 
has the ability to record the time history response, fast Fourier transform the time history 
waveform and compute auto-spectrum, cross-spectrum, frequency response function, and 
coherence function.   
3.2 Experimental Testing Methods 
3.2.1 Experimental Modal Analysis 
The setup of experimental modal analysis is shown in Figure 3.4.  The tested floor 
is loaded by an electrodynamic shaker by swept sine excitation in a fix location.  
 
Figure 3.4 Experimental Modal Analysis Setup 
Swept sine excitation is a sinusoid signal with approximately constant amplitude 
and continuously varying frequency.  Figure 3.5 shows an example of a swept sine signal 
in time and frequency domain (varing from 3.5 to 6.5 Hz).  In this research, the start and 
end frequencies were selected to emcompass the structural natural frequencies of 
interested.  
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(a) Time History Wave Form (b) Frequency Domain Representation 
Figure 3.5  Swept Sine Excitation 
The force amplitude was selected to result in peak accelerations approximately 
equal to those expected during subsequent walking tests, i.e., approximately 0.5%g. A 
laptop computer and a multi-channel spectrum analyzer (OROS 35) was used to generate 
excitation signals, which were sent to the shaker to drive the shaker’s armature mass, 
which in turn generated a force to the floor.  An accelerometer attached to the armature 
mass were used to measure the force generated by the shaker by 
f t( ) =Marm × aarm t( )  Eq. 3.21 
where Marm and aarm are the mass and acceleration of the armature mass.  
As the floor responded to the excitation force, the accelerations at various points 
on the floor were measured with accelerometers. The time history responses of floor 
subject to swept sine load were recorded at a 51.2 Hz sampling frequency and then the 
recorded responses were transformed into frequency domain using FFT algorithm. This 
procedure was usually repeated three to ten times to minimize the effect of noise and 
improve the quality of the estimated FFT spectrum by averaging the FFTs from the 
repeated measurements. The auto-spectrum and cross-spectrum were then calculated 
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from the FFT’s and the FRF was estimated using the H1 FRF estimator.  The coherence 
functions were used to monitor the quality of the FRF.  The measured FRFs at the shaker 
location and other tested points were then curve fitted using ME’scope to extract the 
dynamic modal properties of the floor. 
3.2.2 Heel-Drop Tests 
Where it was not feasible to perform an EMA due to time or transportation cost 
constraints, a heel-drop testing program was used to estimate floor natural frequencies.  
Other modal information such as mode shapes cannot be determined with heel-drop tests.  
To perform a heel-drop, a measurement team member simply rises onto his or her toes 
and drops, forcefully impacting the slab with both heels while being careful to avoid 
multiple strikes, bouncing, or rocking forward onto the balls of the feet.  Figure 3.6 
shows an example heel-drop force waveform and spectrum.  A heel-drop provides similar 
excitation to that provided by an impulse sledge hammer with three significant 
advantages (1) a heel-drop requires no equipment to be transported to the testing site, (2) 
a heel-drop provides approximately three times higher forces (Hanagan et al. 2003) and 
(3) a heel-drop provides a higher quality force input than that provided by an impulse 
hammer for the following reason.  When an evaluator uses an impulse hammer during a 
floor vibration test, he or she is also standing or crouching on the slab a small distance 
from the impact.  As the evaluator forces the hammer down and lifts it after the impact, 
inertial forces from the human body and movements required to keep balance produce 
ground reaction forces that also cause floor response.  It is the author’s opinion that such 
forces are less of an issue during a well-executed heel-drop. 
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(a) Time History Waveform (b) Narrow Band Spectrum 
Figure 3.6 Example Heel-Drop Test Result 
Figure 3.7 shows three example comparisons of mid-bay heel-drop acceleration 
spectra and driving point FRF magnitudes that were measured using electrodynamic 
shaker-based EMA techniques.  It can be seen that in each bay, the heel-drop acceleration 
spectrum reveals natural frequencies practically identical to those obtained from the FRF.  
Also, the heel-drop acceleration spectrum approximates a vertically scaled FRF 
magnitude with lower response with increasing frequency.  This observation is very 
useful at times especially in tuning the finite element model of floor.   
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Figure 3.7 Example Comparison of Heel-Drop and FRF Magnitude Spectra 
3.2.3 Walking Tests 
Upon completion of the EMA or heel-drop tests, each tested floor bay was 
classified as a low frequency floor bay (with resonant response) or a high frequency floor 
(with impulse response).  Walking tests were performed by recording floor acceleration 
while a measurement team member walked across the bay attempting to match a 
metronome set at a predetermined step frequency.  The time history waveform was 
recorded for 20 seconds during each test, with a sampling frequency at 102.4 Hz. 
Because the ability of walkers to match the desired step frequency varies and the forces 
vary from walker to walker, two or more individual walkers were used whenever possible 
and each individual walked at least three times to ensure repeatability.  
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On low frequency floors, during each test, the step frequency was choosen such 
that (1) the step frequency was between approximately 90 and 132 steps/min. (1.5 and 2.2 
Hz), which was the normal range of human walking frequencies on a flat surface; (2) a 
multiple of the step frequency matched the dominant (most responsive) frequency and 
caused a resonant build-up and (3) the lowest possible harmonic was used.  Condition (3) 
was enforced because harmonic force amplitudes decrease with increasing harmonic 
number (Murray et al. 1997, Smith et al. 2007, Willford et al. 2006).  For example, if the 
dominant frequency was 6 Hz, then the metronome was set to 120 steps per minute (bpm) 
(2.0 Hz) so that the third harmonic caused resonance.  The second harmonic was not 
chosen because the step frequency would have to be 6.0 Hz / 2 = 3.0 Hz which was 
outside the normal step frequency range.  The fourth harmonic was not chosen, even 
though 6.0 Hz / 4 = 1.5 Hz, which was within the normal range of human walking, 
because the fourth harmonic force amplitude was lower than that of the third harmonic. 
On high frequency floors, the following step frequencies, which approximately 
corresponded to slow, moderate, moderate-to-fast, and fast walking, were used: 75 bpm, 
100 bpm, 110 bpm, and 125 bpm. 
The following three response metrics were determined for each walking test: 
waveform peak acceleration, narrowband spectral acceleration maximum magnitude, and 
one-third octave spectral velocity maximum magnitude.  
The narrowband spectrum maximum magnitudes were obtained by fast Fourier 
transform (FFT) of the time history response waveform. One-third octave band spectrum 
maximum magnitudes were obtained by bandwidth conversion from the narrowband 
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spectrum. Figure 3.8 show an example acceleration waveform, narrowband spectrum, and 
one-third octave spectrum, respectively.   
  
(a) Time History Response (b) Narrowband Spectrum 
 
(c) One Third Octave Spectrum 
Figure 3.8 Example Walking Test Measurements 
3.3 Modal Properties Measurements on Low Frequency Floors 
Section 3.3.1 through 3.3.3 and Section 3.3.5 summarize the experimental work 
done by Davis (2008). The measurements will be used to evaluate the accuracy of natural 
frequency prediction methods. 
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3.3.1 Long Span Composite Slab Laboratory Specimen (Davis 2008) 
An innovative long-span composite slab specimen was constructed and tested at 
the Virginia Tech Structures and Materials Laboratory in 2006 (Davis 2008).  The 
specimen is a 30 ft x 30 ft bay composite slab system with beams and girders only at the 
perimeter.  The slab consists of 8-3/4 in. normal weight concrete (total) on 4-5/8 in. deep 
steel deck.  Beam and girder sizes are W14x22 and W21x44.  The framing plan is shown 
in Figure 3.9.  The steel deck was spot welded to the W-shape girders and the A992 W-
shape girders and beams were connected using snug-tightened bolted shear connections 
and supported on stub columns.  The stub columns were placed on steel base plates on 
non-shrink grout to reduce or eliminate base movements.  
 
 
Figure 3.9 Long Span Composite Slab Laboratory Specimen 
Shaker-based experimental modal analysis (EMA) were performed to estimate 
natural frequencies, natural modes, and the frequency response function with force 
applied at the center of the bay.  The measured FRF magnitude is shown in Figure 3.10.  
FRF curve fitting indicated 0.44% of critical damping for the 4.98 Hz mode.  The 
estimated natural mode shape is shown in Figure 3.11. 
  
62 
  
Figure 3.10  Long Span Composite Slab Laboratory Specimen FRF 
 
Figure 3.11 Long Span Composite Slab Laboratory Specimen Mode Shape 
3.3.2 Long Span Composite Slab Mockup (Davis 2008) 
Floor vibration tests were performed on a long span composite slab floor mockup 
as a continuation of the research described in Section 3.3.1.  The mockup is an 
approximately 61 ft by 74 ft floor, consisting of four 30 ft bays separated by a corridor.  
The floor plan is shown in Figure 3.12.  The slab consists of 8-3/4 in. normal weight 
concrete (total) on 4-5/8 in. deep steel deck. The corridor slab is a 5 1/4 in. total thickness 
composite slab on 2 in. steel deck.  The slabs in Zones 1 and 2 are supported by 
MC18x58 double channel girders.  A W14x26 beam supports the deck along the edges of 
the corridor. 
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Figure 3.12 Long Span Composite Slab Mockup  
Shaker-based experimental modal analysis techniques were used to estimate the 
natural frequencies, natural modes and the frequency response function for force applied 
at the center of Bay 1 (top right) and Bay 2 (bottom right). FRF curve-fitting was used to 
determine the modal properties. The measured and estimated FRFs magnitudes are shown 
in Figure 3.13. The estimated natural mode shapes, natural frequencies and damping 
ratios are shown in Figure 3.14. 
 
 
Bay 1 Bay 2 
Figure 3.13 Long Span Composite Slab Mockup FRFs 
Hertz
4.9 5.2 5.5 5.8 6.1 6.4
0.0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
0.05
0.055
0.06 27Z 17Z 28Z 
Hertz
65.5 6.5 7
0.0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
0.05
0.055
0.06
0.065 7Z 6Z 10Z 
  
64 
  
5.55 Hz, damping = 0.50 % 5.75 Hz, damping = 0.51 % 
  
6.00 Hz, damping = 0.55 % 6.63 Hz, damping = 0.95 % 
Figure 3.14 Long Span Composite Slab Mockup Natual Modes 
3.3.3 Riverside Medical Office Building (Davis 2008) 
The Riverside Medical Office Building, hereafter referred to as RMOB, is a four 
story steel-framed building.  The floor system consists of normal weight (145 pcf), 4.0 
ksi, 6.5 in. (total) thickness composite slabs on 2 in. deck.  The slabs are supported by 
conventional composite steel beams. The typical bay sizes are 30 ft (girder span) by 30 ft 
(beam span) and typical beam and girder sizes are W16x36 (10 ft spacing) and W21x55.  
The slab topside was mostly clear of construction material and the underside supported 
only very minimal piping and ductwork.  Full height steel studs were installed only in the 
core area. 
Shaker-based EMA techniques were used to estimate the natural frequencies, 
natural modes and the FRF for force applied at the center of Bay 1 through Bay 4.  The 
measured FRF magnitudes are shown in Figure 3.16.  FRF curve-fitting was used to 
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determine modal damping. The estimated natural mode shapes, natural frequencies and 
damping ratios are shown in Figure 3.17. 
 
 
Figure 3.15 RMOB Framing Plan 
  
(a) Bay 1 (b) Bay 2 
  
(c) Bay 3 (d) Bay 4 
Figure 3.16 RMOB Measured FRFs 
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 6.42 Hz, damping = 0.51% 6.61 Hz, damping = 0.59% 
  
7.01 Hz, damping = 0.58%  7.14 Hz, damping = 0.61% 
 
 
7.46 Hz, damping = 0.54% 8.14 Hz, damping = 0.54% 
Figure 3.17 RMOB Mode Shapes and Damping Ratios 
3.3.4 University of Kentucky, College of Pharmacy 
The College of Pharmacy Building (Figure 3.18), hereafter referred to as COP, is 
a steel-framed building supporting classrooms and laboratories.  Architectural and 
structural plans are shown in Figure 3.19 through Figure 3.21.   
The floor system consists of normal weight (145 pcf), 3.5 ksi, 7.5 in. (total) 
thickness composite slabs on 2 in. deck.  The slabs are supported by conventional 
composite steel beams. The typical bay sizes are 21 ft 4 in. (girder span) by 66 ft 1 in. 
(beam span).  
 3DView: 6.41 Hz
Amp: 1.0,  Dwell: 10
Dir(g): X,Y,Z Persp: +10
 3DView: 6.61 Hz
Amp: 1.0,  Dwell: 10
Dir(g): X,Y,Z Persp: +10
 3DView: 7.01 Hz
Amp: 1.0,  Dwell: 10
Dir(g): X,Y,Z Persp: +10
 3DView: 7.14 Hz
Amp: 1.0,  Dwell: 10
Dir(g): X,Y,Z Persp: +10
 3DView: 7.46 Hz
Amp: 1.0,  Dwell: 10
Dir(g):  X,Y,Z [mag] Persp: +10
 3DView: 8.15 Hz
Amp: 1.0,  Dwell: 10
Dir(g): X,Y,Z Persp: +10
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Figure 3.18 University of Kentucky, College of Pharmacy 
 
Figure 3.19 COP First Floor Architectural Plan 
 
Figure 3.20 COP Second Floor Architectural Plan 
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 Figure 3.21 COP Second Floor Structural Plan 
There is a moderate amount of partitions on and below the floor.  The partitions 
have studs of 6 in. deep and 30 mils thick with 5/8 in. gypsum boards on both sides. The 
studs are 16 in. apart center-to-center and connected to the floors above and below using 
deflection tracks.  
 
 
 
 
(a) Typical Construction of Partition (b) Studs and Deflection Track Connection 
Figure 3.22 Partition Details, COP 
Shaker-based experimental modal analysis techniques were used to measure the 
natural frequencies, natural modes, and the frequency response function for force applied 
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at the center of Bay of A-9/D-10.  The measured FRF magnitude is shown in Figure 3.23.  
FRF curve-fitting was used to determine the modal damping ratios. The measured natural 
mode shapes natural frequencies and damping ratios are shown in Figure 3.24. 
 
Figure 3.23 Frequency Response Function, College of Pharmacy 
  
5.80 Hz, damping = 2.3% 7.80 Hz, damping = 3.9% 
  
7.80 Hz, damping = 3.8% 9.90 Hz, damping = 3.3% 
 
10.0 Hz, damping = 3.0% 
Figure 3.24 COP Mode Shapes and Damping Ratios 
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3.3.5 First Bank and Trust Building (Davis 2008) 
The First Bank and Trust Building, hereafter referred to as FBNT, is a four story 
steel framed building. The top floor was chosen for testing because it supported the least 
quantity of nonstructural components of any floor.  The slab topside was mostly clear of 
construction material and the underside supported only very minimal piping and 
ductwork.  Full height steel studs were installed above and below the slab between B-3 
and D-4 (Figure 3.25). Otherwise, no steel stud walls were installed except at the exterior. 
The floor was built using a thin non-composite slab supported by open-web steel 
joists and hot-rolled steel beams and girders.  The normal weight concrete slab is 3 in. 
total thickness on 9/16 in. form deck. 
 
 
Figure 3.25 Framing Plan, First Bank & Trust 
Shaker-based experimental modal analysis techniques were used to measure the 
natural frequencies, natural modes and the frequency response function for force applied 
at the center of three bays (C-1/F-2, C-2/F-3, and A-2/C-3). The estimated FRF 
magnitudes are shown in Figure 3.26.  FRF curve-fitting was used to determine the modal 
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damping ratios. The measured natural mode shapes, natural frequencies and damping 
ratios are shown in Figure 3.27. 
 
 
(a) Bay C-1/F-2 (b)  Bay C-2/F-3 
 
(c)  Bay A-2/C-3 
Figure 3.26 Frequency Response Function, First Bank & Trust 
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8.32 Hz, damping = 1.15% 8.56 Hz, damping = 1.50% 
  
8.92 Hz, damping = 1.40% 9.55 Hz, damping =1.41% 
 
10.6 Hz, damping = 0.95% 
Figure 3.27 Mode Shapes and Damping Ratios, First Bank & Trust 
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3.4 Modal Property Measurements on High Frequency Floors 
3.4.1 Centennial Medical Center, Third Floor 
The Centennial Medical Center is an eight story steel-framed hospital (Figure 
3.28). Architectural and structural plans are shown in Figure 3.29.   The third floor bay R-
12/S-13, hereafter referred to as CMC3 supports hybrid operating rooms with moderately 
sensitive imaging equipment.  CMC3 was being renovated at the time of tests.  The 
structure was complete and most non-structural elements were in place.  The floor system 
consists of light weight (110 pcf), 3.0 ksi, 6.25 in. (total) thickness composite slabs on 2 
in. deck.  The slabs are supported by conventional composite steel beams. The typical 
bay sizes are 30 ft. (girder span) by 28 ft. (beam span) and typical beam and girder sizes 
are W16x26 (7.5 ft spacing) and W24x55. The following non-structural elements were 
present during the tests: second floor partitions, second floor acoustical tile ceiling, 
second floor HVAC and plumbing, and third floor partitions.  On CMC3 partitions have 
3-5/8 in. deep studs, 15 mils thick, with 5/8 in. gypsum boards on both sides. Studs are 16 
in. apart and connected to the floors above and below using U-shape runners (Figure 3.30) 
 
Figure 3.28 Centennial Medical Center 
  
74 
 
 
 (a) Second Floor Plan (b) Third Floor Plan 
 
(c) Third Floor Structural Plan 
 Figure 3.29 CMC3 Architectural and Structural Plans 
 
 
(a) Typical Construction of Partition (b) Connection of Studs and Runner 
 Figure 3.30 Partition Details, CMC3 
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Shaker-based EMA was used to estimate the natural frequencies, mode shapes 
and FRF for force applied at the center of Bay R-12/S-13.  Three natural modes (10.0 Hz, 
10.5 Hz, 14.3 Hz) were measured between 8 and 18 Hz. The measured FRF magnitude is 
shown in Figure 3.31.  FRF curve fitting indicated 1.8 %, 4.1% and 3.6% of critical 
damping for the 10.0 Hz, 10.5 Hz and 14.3 Hz modes, respectively.  The measured 
natural mode shapes are shown in Figure 3.32. 
 
 Figure 3.31 CMC3 FRF 
  
10.0 Hz, damping = 1.8 %  10.5 Hz, damping = 4.1% 
 
14.3 Hz, damping = 3.6 % 
 Figure 3.32 CMC3 Mode Shapes and Damping 
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3.4.2 Centennial Medical Center, Fourth Floor 
The fourth floor bay R-13/S-14, in Centennial Medical Center, hereafter referred 
to as CMC4, was an in-service ICU at the time of the measurements. Architectural and 
structural plans are shown in Figure 3.33.  Moderately sensitive imaging equipment is 
supported from the underside of the fourth floor slab.  The floor system and partition type 
are identical to those at CMC3. 
Heel-drop tests were used to estimate the natural frequencies. A measured heel-
drop response is shown in Figure 3.34. There are two peaks in the spectrum, one at 9 Hz 
and another at 11.8 Hz.  The spectral magnitude at 9 Hz is relatively small comparing to 
the magnitude at 11.8 Hz, so the mode at 11.8 Hz was considered as estimated dominant 
frequency. 
  
(a) Third Floor Architectural Plan (b) Fourth Floor Architectural Plan 
 
(c) Fourth Floor Structural Plan 
 Figure 3.33 CMC4 Architectural and Structural Plans 
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(a) Waveform (b) Spectrum 
  Figure 3.34 CMC4 Heel-Drop Test Results  
3.4.3 University of Kentucky, College of Health Sciences, Room 405 
The College of Health Science building is a four-story steel-framed structure 
(Figure 3.35).  Architectural and structural plans are shown in Figure 3.36.  The tested 
fourth floor bay, A-11/B-12, hereafter referred to as CHS405 supports a typical 
classroom. The floor system consists of a 6 in. (total) normal weight concrete slab on 2 in. 
steel deck supported by conventional composite steel beams.     The typical bay sizes are 
22 ft (girder span) by 37 ft (beam span) and typical beam and girder sizes are W18x35 
and W24x62.   
 
Figure 3.35  College of Health Science, University of Kentucky 
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Heel-drop test were used to estimate the fundamental frequency.  Measured heel-
drop responses in time and frequency domain are shown in Figure 3.37. Five modes are 
found at 9.8 Hz, 10.8 Hz, 11.3 Hz, 13.9 Hz and 16.5 Hz. The estimated fundamental 
frequency is at 9.8 Hz.   
  
(a) Third Floor Architectural Plan  (b) Fourth Floor Architectural Plan 
 
(c) Fourth Floor Structural Plan 
 Figure 3.36 CHS405 Architectural and Structural Plan 
  
(a) Waveform (b) Spectrum 
Figure 3.37 CHS405 Heel-Drop Test Results  
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3.4.4 University of Kentucky, College of Health Sciences, Room 403 
A second bay, A-13/B-14, in College of Health Science building was tested.  
Architectural and framing plans are shown in Figure 3.36.  Bay A-13/B-14, hereafter 
referred to as CHS403 supports a typical classroom. The floor system is identical to 
CHS405.   
Heel-drop tests were used to estimate the fundamental frequency.  Measured heel-
drop responses in the time and frequency domain are shown in Figure 3.38. The 
estimated fundamental frequency is 10.65 Hz.   
  
(a) Waveform (b) Spectrum 
  Figure 3.38 CHS403 Heel-Drop Test Results  
3.4.5 University of Kentucky, Oliver H. Raymond Building, Third Floor 
The Raymond Building is a three story concrete framed office and classroom 
building (Figure 3.39).  Architectural and structural plans are shown in Figure 3.40.  The 
tested floor bay C-1/D-2 is hereafter referred to as OHR.  The floor system is a 3 in. thick 
normal weight cast-in-place concrete slab (3500 psi, f’c=145 pcf) supported by 6 in. wide 
by 19 in. deep (total) concrete joists at 3 ft. center-to-center spacing.  The following non-
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structural elements were present during the tests: second floor partitions, second floor 
acoustical tile ceiling, second floor HVAC and plumbing, and third floor partitions.  The 
partitions are typical 3-5/8 in. steel studs with one layer of drywall on each side. Studs 
were connected with runners by screws during construction and then the screws in the top 
runner were removed after the drywall was in place to allow the floor to deflect without 
loading the studs. The connection detail is shown in Figure 3.41. 
 
Figure 3.39  Oliver H. Raymond Building, Univ. of Kentucky 
Shaker based EMA techniques were used to estimate natural frequencies, natural 
modes and FRFs for force applied at the center of Bay D-1/C-2.  The measured FRF 
magnitude is shown in Figure 3.42.  FRF curve fitting indicated 3.5%, 3.5%, 2.0% and 
2.5% of critical viscous damping for the 14.7 Hz, 15.2 Hz, 15.7 Hz and 18.0 Hz modes, 
respectively.  The estimated natural mode shapes are shown in Figure 3.43. 
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(a) Second Floor Architectural Plan (b) Third Floor Architectural Plan 
 
(c) Third Floor Structural Plan 
 Figure 3.40 OHR Architectural and Structural Plan 
  
Figure 3.41 Partition Details, OHR 
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Figure 3.42 OHR FRF 
  
14.7 Hz, damping = 3.5% 15.2 Hz, damping = 3.5 Hz 
  
15.7 Hz, damping = 2.0% 18.0 Hz, damping = 2.5% 
Figure 3.43 OHR Mode Shapes and Damping 
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3.5 Response to Walking in Low Frequency Floor Bays 
3.5.1 Long Span Composite Slab Laboratory Specimen (Davis 2008) 
Response to walking was measured using the methods described in Section 3.2.3. 
The step frequency, which was controlled using a metronome, was 1.66 Hz to cause 
resonance with the third harmonic of the walking force.  The test results are summarized 
in Table 3.1. 
 Table 3.1 Long Span Composite Slab Laboratory Specimen Response to Walking 
Test 
Walker 
Wt. 
(lbf) 
Step 
Freq. 
(bpm) 
Measured Response 
Waveform 
Peak 
Accel. 
(%g) 
Narrowband 
Spectral 
Accel. Max. 
Mag. (%g) 
1/3 Octave 
Spectral 
Velocity Max. 
Mag. (µ in. / sec.) 
ResWalk_1 180 100 0.935 0.228 45300 
ResWalk_2 180 100 1.330 0.348 67100 
ResWalk_16 180 100 0.693 0.134 33900 
ResWalk_18 180 100 0.665 0.097 24100 
3.5.2 Long Span Composite Slab Mockup 
In Bay 1 the step frequency was 1.85 Hz to cause resonance with mode one at 
5.55 Hz. In Bay 2 the step frequency was 2.00 Hz to cause resonance with Mode 3, which 
was dominant in Bay 2. Test results on Bay 1 and Bay 2 are summarized in Table 3.2 and 
Table 3.3. 
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Table 3.2 Long Span Composite Slab Mockup Bay 1 Response to Walking 
Test 
Walker 
Wt. 
(lbf) 
Step 
Freq. 
(bpm) 
Measured Response 
Waveform 
Peak Accel. 
(%g) 
Narrowband 
Spectral 
Accel. Max. 
Mag. (%g) 
1/3 Octave 
Spectral 
Velocity 
Max. Mag.  
(µ in. / sec.) 
WalkPath3_1 200 111 0.611 0.194 29000 
WalkPath3_2 200 111 0.694 0.183 27100 
WalkPath3_3 200 111 0.766 0.203 29400 
WalkPath3_4 200 111 0.622 0.136 19900 
WalkPath4_1 200 111 0.490 0.103 15400 
WalkPath4_2 200 111 0.457 0.135 18500 
WalkPath4_3 200 111 0.511 0.151 21400 
WalkPath4_4 200 111 0.565 0.178 24800 
Table 3.3 Long Span Composite Slab Mockup Bay 2 Response to Walking 
Test 
Walker 
Wt. 
(lbf) 
Step 
Freq. 
(bpm) 
Measured Response 
Waveform 
Peak Accel. 
(%g) 
Narrowband 
Spectral 
Accel. Max. 
Mag. (%g) 
1/3 Octave 
Spectral Velocity 
Max. Mag.  
(µ in. / sec.) 
WalkPath1_1 200 120 0.957 0.234 35700 
WalkPath1_2 200 120 0.964 0.276 39700 
WalkPath1_3 200 120 0.851 0.204 31200 
WalkPath1_4 200 120 0.903 0.264 37800 
WalkPath2_1 200 120 0.543 0.161 23300 
WalkPath2_2 200 120 0.611 0.167 25500 
WalkPath2_3 200 120 0.598 0.187 28900 
WalkPath2_4 200 120 0.592 0.163 25300 
3.5.3 Riverside Medical Office Building 
In Bay 1 the step frequency was 2.03 Hz to cause resonance with Mode 6 (8.14 
Hz), which was dominant in Bay 1. In Bay 2 the step frequency was 2.13 Hz during tests 
to cause resonance with Mode 1 (6.42 Hz), which was dominant in Bay 2. In Bay 3 the 
step frequency was 1.75 Hz during tests to cause resonance with Mode 3 (7.01 Hz), 
which was dominant in Bay 3. In Bay 4 the step frequency was 2.21 Hz during tests to 
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cause resonance with Mode 2 (6.61 Hz), which was dominant in Bay 4.  The test results 
in the four floor bays are summarized in Table 3.4 through Table 3.7. 
Table 3.4 RMOB Bay 1 Response to Walking 
Test 
Walker 
Wt. 
(lbf) 
Step 
Freq. 
(bpm) 
Measured Response 
Waveform 
Peak Accel. 
(%g) 
Narrowband 
Spectral 
Accel. Max. 
Mag. (%g) 
1/3 Octave 
Spectral Velocity 
Max. Mag.  
(µ in. / sec.) 
WalkNS_I 245 122 1.45 0.207 33100 
WalkNS_J 245 122 1.39 0.191 32700 
WalkNS_K 245 122 1.35 0.206 31300 
WalkNS_L 245 122 1.09 0.138 25300 
WalkNS_Q 245 122 1.23 0.180 28200 
WalkNS_R 245 122 1.38 0.239 35800 
WalkNS_S 245 122 1.06 0.156 24100 
WalkNS_T 245 122 1.28 0.223 32800 
Table 3.5 RMOB Bay 2 Response to Walking 
Test 
Walker 
Wt. 
(lbf) 
Step 
Freq. 
(bpm) 
Measured Response 
Waveform 
Peak Accel. 
(%g) 
Narrowband 
Spectral 
Accel. Max. 
Mag. (%g) 
1/3 Octave 
Spectral Velocity 
Max. Mag.  
(µ in. / sec.) 
WalkNS_A 245 128 1.37 0.142 27000  
WalkNS_B 245 128 0.951 0.142 26700 
WalkNS_G 245 128 1.25 0.191 34500 
WalkNS_H 245 128 1.37 0.189 33100 
WalkNS_U 245 128 0.76 0.066 12900 
WalkNS_V 245 128 1.18 0.175 30600 
WalkNS_X 245 128 1.33 0.138 25100 
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Table 3.6 RMOB Bay 3 Response to Walking 
Test 
Walker 
Wt. 
(lbf) 
Step 
Freq. 
(bpm) 
Measured Response 
Waveform 
Peak Accel. 
(%g) 
Narrowband 
Spectral 
Accel. Max. 
Mag. (%g) 
1/3 Octave 
Spectral Velocity 
Max. Mag. (µ in. / 
sec.) 
WalkNS_C 245 105 0.777 0.122 21200 
WalkNS_D 245 105 1.03 0.213 26500 
WalkNS_E 245 105 0.864 0.139 20700 
WalkNS_F 245 105 0.995 0.222 26100 
WalkNS_N 245 105 0.383 0.056 10200 
WalkNS_O 245 105 0.461 0.075 11800 
WalkNS_P 245 105 0.456 0.052 10700 
Table 3.7 RMOB Bay 4 Response to Walking 
Test 
Walker 
Wt. 
(lbf) 
Step 
Freq. 
(bpm) 
Measured Response 
Waveform 
Peak Accel. 
(%g) 
Narrowband 
Spectral 
Accel. Max. 
Mag. (%g) 
1/3 Octave 
Spectral Velocity 
Max. Mag.  
(µ in. / sec.) 
EWWalk_M 245 133 0.619 0.0319 8590 
EWWalk_N 245 133 0.751 0.0500 10900 
EWWalk_O 245 133 0.630 0.0603 11500 
EWWalk_P 245 133 0.640 0.0390 8510 
3.5.4 University of Kentucky, College of Pharmacy 
 Response to walking in the bay at A-9/D-10 was measured.   The step frequency 
was 1.93 Hz during tests to cause resonance with Mode 1 at 5.8 Hz.  The test results are 
summarized in Table 3.8. 
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Table 3.8  COP Response to Walking 
Test 
Walker 
Wt. 
(lbf) 
Step 
Freq. 
(bpm) 
Measured Response 
Waveform 
Peak Accel. 
(%g) 
Narrowband 
Spectral 
Accel. Max. 
Mag. (%g) 
1/3 Octave 
Spectral Velocity 
Max. Mag.  
(µ in. / sec.) 
Walking1 130 116 0.205 0.0264 5020 
Walking2 130 116 0.205 0.0315 5920 
Walking3 185 116 0.150 0.0240 3910 
Walking4 185 116 0.176 0.0208 3510 
Walking5 160 116 0.375 0.0527 9310 
Walking6 160 116 0.321 0.0461 8100 
Walking8 170 116 0.270 0.0390 7020 
3.5.5 First Bank & Trust Building 
Response to walking in the bay at C-1/F-2 was measured and step frequency was 
2.12 Hz during tests to cause resonance with mode 2 (8.56 Hz).  The test results are 
summarized in Table 3.9 
Table 3.9 FB&T Response to Walking 
Test 
Walker 
Wt. 
(lbf) 
Step 
Freq. 
(bpm) 
Measured Response 
Waveform 
Peak 
Accel. 
(%g) 
Narrowband 
Spectral 
Accel. Max. 
Mag. (%g) 
1/3 Octave 
Spectral 
Velocity 
Max. Mag.  
(µ in. / sec.) 
Path1_N-S1 180 127 2.15 0.268 45500  
Path1_N-S2 180 127 2.15 0.224 44800  
Path1_N-S3 180 127 2.13 0.300 43600  
Path1_S-N1 180 127 2.13 0.174 35700  
Path1_S-N2 180 127 2.19 0.328 48600  
Path1_S-N3 180 127 1.74 0.270 37100  
Path3_E-W1 180 127 2.45 0.315 46100  
Path3_E-W2 180 127 2.28 0.236 43000 
Path3_E-W3 180 127 2.27 0.263 43300 
Path3_W-E1 180 127 1.69 0.143 29500 
Path3_W-E2 180 127 1.99 0.208 35400 
Path3_W-E3 180 127 1.89 0.212 34400 
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3.6 Response to Walking in High Frequency Floor Bays 
3.6.1 Centennial Medical Center, Third Floor 
Accelerations were recorded while a walker traversed Bay R-12 / S-13.  Step 
frequencies, which were controlled using a metronome, were at100, 110, and 125 bpm.  
Walkers were healthy adult males weighing 185 lbf and 130 lbf.  Each wore typical 
cross-trainer athletic shoes.  The test results are summarized in Table 3.10. 
Table 3.10  CMC3 Response to Walking 
Test 
Walker 
Wt. 
(lbf) 
Step 
Freq. 
(bpm) 
Measured Response 
Waveform 
Peak Accel. 
(%g) 
Narrowband 
Spectral Accel. 
Max. Mag. (%g) 
1/3 Octave 
Spectral Velocity 
Max. Mag. (µ in. / 
sec.) 
1 180 100 0.254 0.0157 2316 
2 180 100 0.303 0.0118 2267 
3 180 100 0.268 0.00970 2234 
4 130 100 0.198 0.0114 1567 
5 130 100 0.297 0.0105 2016 
6 130 100 0.254 0.00942 1769 
7 180 110 0.281 0.0153 2873 
8 180 110 0.271 0.0107 2345 
9 180 110 0.302 0.0189 2911 
10 180 125 0.316 0.0170 2879 
11 180 125 0.454 0.0180 3471 
12 180 125 0.363 0.0220 3320 
13 130 125 0.387 0.0272 3777 
14 130 125 0.389 0.0279 3679 
15 130 125 0.341 0.0226 3483 
3.6.2 Centennial Medical Center, Fourth Floor 
Accelerations were recorded while a walker traversed Bay R-13 / S-14.  Step 
frequencies, which were controlled using a metronome, were 100, 110, and 120 steps per 
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minute.  Walkers were healthy adult males weighing 185 lbf and 130 lbf, respectively.  
Each wore typical cross-trainer athletic shoes.  The test results are summarized in Table 
3.11. 
Table 3.11 CMC4 Response to Walking 
Test 
Walker 
Wt. 
(lbf) 
Step 
Freq. 
(bpm) 
Measured Response 
Waveform 
Peak Accel. 
(%g) 
Narrowband 
Spectral Accel. 
Max. Mag. (%g) 
1/3 Octave 
Spectral Velocity 
Max. Mag. (µ in. / 
sec.) 
1 180 100 0.00766 0.00766 1172 
2 180 100 0.00572 0.00572 1238 
3 180 100 0.00622 0.00622 1327 
4 130 100 0.00864 0.00864 1201 
5 180 110 0.01145 0.01145 1622 
6 180 110 0.00961 0.00961 1733 
7 180 110 0.00915 0.00915 1626 
8 130 110 0.00901 0.00901 1857 
9 130 110 0.01050 0.01050 1457 
10 130 110 0.00541 0.00541 1228 
11 180 120 0.01075 0.01075 1590 
12 180 120 0.00982 0.00982 1278 
13 180 120 0.01064 0.01064 1749 
14 180 120 0.00908 0.00908 1592 
15 130 120 0.01173 0.01173 1956 
3.6.3 University of Kentucky, College of Health Sciences, Room 405 
Accelerations were recorded while a walker traversed Bay B-11 / A-12.  Step 
frequencies, which were controlled using a metronome, were 100, 110, 120, 125 and 130 
steps per minute.  Walkers were healthy adult males weighing 145 lbf and 135 lbf, 
respectively.  Each wore typical cross-trainer athletic shoes.  The test results are 
summarized in Table 3.12. 
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Table 3.12  CHS405 Response to Walking 
Test 
Walker 
Wt. 
(lbf) 
Step 
Freq. 
(bpm) 
Measured Response 
Waveform 
Peak Accel. 
(%g) 
Narrowband 
Spectral Accel. 
Max. Mag. (%g) 
1/3 Octave 
Spectral Velocity 
Max. Mag. (µ in. / sec.) 
1 145 100 0.296 0.00946 1627 
2 145 100 0.263 0.00854 1547 
3 145 100 0.234 0.00969 1395 
4 145 100 0.269 0.00923 1647 
5 145 100 0.267 0.01032 1661 
6 145 110 0.322 0.00950 2311 
7 145 110 0.32 0.01012 2182 
8 145 110 0.344 0.01217 2237 
9 145 110 0.365 0.01613 2252 
10 145 120 0.315 0.01053 2124 
11 145 120 0.309 0.01124 2033 
12 145 120 0.374 0.01554 2437 
13 145 120 0.337 0.01580 2302 
14 145 120 0.38 0.01315 2296 
15 145 120 0.327 0.01690 2389 
16 135 125 0.212 0.01181 1696 
17 135 125 0.246 0.01183 1737 
18 135 125 0.265 0.00957 1794 
19 145 130 0.318 0.01517 2601 
20 145 130 0.305 0.01664 2324 
21 145 130 0.366 0.01068 2151 
22 145 130 0.338 0.01664 2581 
3.6.4 University of Kentucky, College of Health Sciences, Room 403 
Accelerations were recorded while a walker traversed Bay B-13 / A-14.  Step 
frequencies, which were controlled using a metronome, were 90, 110 and 120 steps per 
minute.  Walkers were healthy adult males weighing 145 lbf and wore typical cross-
trainer athletic shoes.  The test results are summarized in Table 3.13. 
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Table 3.13 CHS403 Response to Walking 
Test 
Walker 
Wt. 
(lbf) 
Step 
Freq. 
(bpm) 
Measured Response 
Waveform 
Peak Accel. 
(%g) 
Narrowband 
Spectral Accel. 
Max. Mag. (%g) 
1/3 Octave 
Spectral Velocity 
Max. Mag. (µ in. / 
sec.) 
1 145 90 0.229 0.0143 2373 
2 145 90 0.329 0.0175 2921 
3 145 100 0.344 0.0218 4019 
4 145 100 0.372 0.0231 4334 
5 145 100 0.36 0.0269 3546 
6 145 100 0.352 0.0248 3507 
7 145 110 0.405 0.0256 3907 
8 145 110 0.388 0.0221 3855 
9 145 110 0.342 0.0152 3127 
10 145 110 0.451 0.0277 4564 
11 145 120 0.392 0.0261 4196 
12 145 120 0.468 0.0295 4560 
13 145 120 0.475 0.0266 4926 
14 145 130 0.652 0.0400 6028 
15 145 130 0.756 0.0490 7368 
16 145 130 0.550 0.0310 5358 
3.6.5 University of Kentucky, Oliver H. Raymond Building, Third Floor 
Accelerations were recorded while a walker traversed Bay D-1 / C-2.  Step 
frequencies, which were controlled using a metronome, were 100, 110, and 120 steps per 
minute.  Walkers were healthy adult males.  The test results are summarized in Table 
3.14. 
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Table 3.14 OHR Response to Walking 
Test 
Walker 
Wt. 
(lbf) 
Step 
Freq. 
(bpm) 
Measured Response 
Waveform 
Peak Accel. 
(%g) 
Narrowband 
Spectral Accel. 
Max. Mag. (%g) 
1/3 Octave 
Spectral Velocity 
Max. Mag. (µ in. / 
sec.) 
1 185 75 0.144 0.00397 585 
2 185 75 0.095 0.00295 437 
3 185 75 0.111 0.00510 649 
4 165 75 0.163 0.00631 773 
5 140 100 0.117 0.00528 714 
6 140 100 0.132 0.00479 645 
7 140 100 0.144 0.00406 655 
8 185 100 0.104 0.00455 619 
9 185 100 0.133 0.00461 550 
10 140 100 0.106 0.00486 617 
11 140 100 0.127 0.00387 587 
12 180 100 0.100 0.00425 528 
13 180 100 0.118 0.00333 504 
14 180 100 0.085 0.00360 499 
15 180 125 0.220 0.00867 965 
16 180 125 0.158 0.00556 802 
17 180 125 0.201 0.00838 978 
18 180 125 0.176 0.00582 851 
19 180 125 0.179 0.00509 821 
20 180 125 0.189 0.01035 1001 
21 180 125 0.109 0.00538 754 
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CHAPTER 4  
NATURAL MODE PREDICTION BY FINITE ELEMENT ANALYSIS 
As shown in Chapter 1, prediction of natural modal properties is the first step in 
predicting the floor response to walking.  This chapter provides experimentally verified 
methods for predicting modal properties using finite element analysis (FEA), which is 
especially useful for floors with significant irregularities.  
4.1 Prediction of Floor Dynamic Properties 
4.1.1 Natural Frequencies, Mode Shapes and Modal Mass 
The natural frequencies and mode shapes were predicted by solving the free 
vibration eigenvalue problem that is described in detail in vibrations textbooks (Clough 
and Penzien 2003, Chopra 2011) and shown in Eq. 4.1.  ANSYS, which was used in this 
research, and other commercially available program provide convenient features for 
solving this problem.  
K[ ] φn{ }=ωn2 M[ ] φn{ }  Eq. 4.1 
ANSYS offers several mode-extraction methods including Block Lanczos, 
Supernode, PCG Lanczos, reduced method, damped method, and QR damped method. 
Block Lanczos is the most popular method and can be used for large symmetric 
eigenvalue problems. The convergence rate of the eigenfrequencies in the Block Lanczos 
solver is about the same when extracting modes in the midrange as when extracting the 
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lowest modes. This feature is helpful for extracting several modes beyond some start 
value, which is often the case in this research project.  Supernode is suitable to solve for 
large number of modes (up to 10,000) in one solution. The reduced method is faster but 
less accurate than Block Lanczos, damped and QR damped methods allow inclusion of 
damping in the structure and are usually used where damping cannot be ignored.  
ANSYS allows users define damping in forms of Rayleigh damping or constant damping 
ratio specified for each mode.  In this research the Block Lanczos method is used.   
ANASYS can output mode shape vectors as unity normalized or mass normalized 
form. In the unity normalized form, the maximum mode shape amplitude is set as unity 
for every mode and mode shape amplitude at other points have values between negative 
one and one. In a mass normalized form, the mode shape vector is scaled so that the 
modal mass defined by Eq. 4.2 is equal to unity.  In the mass-normalized form, the mode 
shape amplitude has units of 1/√M, such as 2in. / (kip sec. )− . 
( ) ( )∫ φ=
A
dAyxyxmM ,, 2
 
Eq. 4.2 
where m(x,y) is the mass per unit area at coordinate x and y in the structure and φ(x,y) is 
the mode shape of the structure. In this chapter all mode shapes are mass normalized.  
Most FEA programs present the mass normalized mode shapes, but this should be 
verified on a case-by-case basis. 
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4.1.2 Frequency Response Functions 
The frequency response function is another important way to represent the 
dynamic properties of the floor.  In ANSYS the frequency response function is computed 
using Harmonic Analysis.   
In harmonic analysis the applied load is a sinusoidal function.  To specify a 
harmonic load, four pieces of information are usually required, the amplitude, phase 
angle, forcing frequency range and frequency resolution.  The resulting response is 
composed of a magnitude and phase angle at each specified frequency.  The phase angle 
is not of interest for this research. The predicted FRFs are used (1) to determine the 
accuracy of, and to tune finite element models by comparing the predicted and measured 
FRFs and (2) to determine which modes are responsive in a given bay and to 
subsequently predict the walking acceleration.  
ANSYS provides several options for solving a harmonic analysis problem 
including full method, reduced method and mode superposition method. The full method 
is the most powerful method. It allows unsymmetrical matrices, and calculates all 
displacements and stresses for each frequency. However, it is more computationally 
expensive than other methods. 
4.2 Model Development 
The following model development methods were used in this research, and 
recommended for design usage. 
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4.2.1 Floor Slabs 
Steel-framed floors are usually constructed using concrete slabs with corrugated 
steel deck.  The flexural stiffness in the direction of the ribs is often significantly higher 
(1.5-5 times) than the flexural stiffness in the orthogonal direction.  The slab thickness is 
usually very small compared to the beam spacing and bay overall dimensions.  Thus, 
orthotropic shell elements are used to model the slabs.  During the research described 
herein, the floors slabs were modeled using ANSYS SHELL-181 thin shell elements.  
SHELL181 is suitable for analyzing thin to moderately-thick shell structures.  It is 
a four-node shell element with six degree of freedom on each node, translations in xe, ye 
and ze direction (ux, uy, uz) and rotation about the local xe, ye and ze axes (rotx, roty, rotz). 
Geometry of the SHELL181 element is shown in Figure 4.1.  
The material properties of SHELL181 are defined with respect to the local 
coordinates. Direction of the local coordinate is determined by the sequence of the four 
nodes when defining the shell element. For example, when four nodes of SHELL181 are 
defined in the sequence shown in Figure 4.1(a) (node i, j, k, l, counter-clockwise), the 
local y axis (ye) is in the global x direction (XG). When the four nodes of SHELL181 are 
defined in the sequence shown in Figure 4.1 (b) (node i, j, k, l, clockwise), the local x axis 
(xe) is in the global x (XG) direction. 
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(a) Nodes Defined Counter-Clockwise (b) Nodes Defined Clockwise 
Figure 4.1 SHELL181 Local Coordinates 
The deck-supported slabs studied in this research were all significantly 
structurally orthotropic and were modeled using equivalent orthotropic slab with constant 
thickness and identical dynamic properties as the actual deck-supported slab. The 
geometric and material properties of the equivalent slab with constant thickness were 
obtained by Eq. 4.3 through Eq. 4.9 (Timoshenko and Woinowsky-Krieger 1959, 
direction of local coordinate is shown in Figure 4.2). 
 
Figure 4.2 Orthotropic Plate 
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Ex = Ec  Eq. 4.3 
Ey = γEx  Eq. 4.4 
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Eq. 4.6 
µ x =µc  Eq. 4.7 
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Eq. 4.9 
where  
Ec = dynamic elastic modulus of concrete (1.35 × static elastic modulus of concrete) 
Dx = flexural rigidity in direction perpendicular to rib 
Dy = flexural rigidity in direction parallel to rib 
I = moment of inertia of one T section with flange width of a1 (Figure 4.2) 
µc = Poison ratio of concrete 
heq = thickness of equivalent orthotropic slab 
γ = orthotropic ratio 
Shells were meshed into elements small enough so that further refinement did not 
result in significantly different natural frequencies.  In the author’s experience, 36 in. 
square shell elements are usually small enough. In this research, 18 in. elements were 
used. 
The effect of steel deck was included by finding an equivalent concrete T section 
with the same moment of inertia as the original composite T section. The equivalent T 
section had the same flange width and thickness and total depth as the composite T 
section. The web thickness was iterated until the equivalent T section had the same 
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moment of inertia as the composite T section. The T section with modified web thickness 
was used in the calculation of I in Eq. 4.9. 
To evaluate the performance of orthotropic shell model, the natural frequencies 
predicted from the shell element model with material properties from Eq. 4.3 through Eq. 
4.9 were compared with those predicted by 3-D solid element model.  The comparison 
was conducted over four sets of rectangular plate models that have the profile of CMC3, 
COP, OHR, and CHS403.  In each set of the plate models, the aspect ratio (ratio of the 
dimensions of the plate in two orthogonal directions) varied from 0.75 to 1.75.  The 
comparison (Table 4.1 through Table 4.4) showed that the shell model accurately predicts 
the natural frequencies of the fundamental mode. For some higher modes, the 
discrepancy can be as high as 15%.   To improve the accuracy, the shell models were 
tuned by modifying the elastic modulus in the strong axis (y-axis in Figure 4.2) and the 
equivalent thickness. The material properties calculated using Eq. 4.3 through Eq. 4.9 and 
the ones after the tuning procedure are summarized in Table 4.5.  It can be seen that Eq. 
4.3 through Eq. 4.9 tend to underestimate the elastic modulus in the strong direction 
(sometimes by 25%) and overestimate the equivalent thickness. 
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Table 4.1 CMC3 Comparison of Frequencies from Solid and Shell Model 
Aspect Ratio SOLID SHELL % Difference Tuned SHELL % Difference 
0.75 
Mode 1 26.1 27.0 3.57 25.8 1.35 
Mode 2 39.0 42.5 9.04 38.7 0.69 
Mode 3 60.7 66.1 8.81 61.8 1.74 
Mode 4 64.6 69.2 7.19 64.2 0.58 
1 
Mode 1 30.7 32.7 6.47 30.4 0.96 
Mode 2 56.0 63.4 13.15 56.7 1.18 
Mode 3 68.5 70.3 2.69 67.6 1.34 
Mode 4 92.1 97.4 5.76 90.0 2.28 
1.25 
Mode 1 37.7 41.3 9.62 37.7 0.00 
Mode 2 74.1 76.8 3.65 72.9 1.71 
Mode 3 79.2 91.6 15.78 81.3 2.76 
Mode 4 113.3 122.8 8.38 111.6 1.57 
1.50 
Mode 1 47.0 52.8 12.35 47.6 1.23 
Mode 2 81.9 86.0 4.96 80.4 1.82 
Mode 3 108.1 126.9 17.41 112.2 3.76 
Mode 4 138.2 142.2 2.94 136.0 1.56 
1.75 
Mode 1 58.7 67.1 14.42 59.9 2.12 
Mode 2 92.2 97.9 6.17 90.4 2.02 
Mode 3 144.3 152.2 5.47 144.2 0.09 
Mode 4 149.4 168.9 13.08 149.0 0.21 
Ave. 8.55  1.45 
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Table 4.2 OHR Comparisons of Frequencies from Solid and Shell Model 
Aspect Ratio SOLID SHELL % Difference Tuned SHELL % Difference 
0.75 
Mode 1 22.00 21.36 2.89 22.19 0.87 
Mode 2 22.86 21.84 4.46 22.60 1.11 
Mode 3 24.73 23.15 6.39 23.75 3.96 
Mode 4 27.73 25.85 6.77 26.17 5.62 
1 
Mode 1 23.08 21.99 4.73 22.87 0.89 
Mode 2 25.22 23.28 7.67 24.01 4.78 
Mode 3 29.56 26.81 9.30 27.15 8.15 
Mode 4 36.29 33.52 7.63 33.27 8.34 
1.25 
Mode 1 23.93 22.50 5.98 23.38 2.28 
Mode 2 27.97 25.33 9.43 25.88 7.48 
Mode 3 35.86 32.55 9.24 32.44 9.55 
Mode 4 47.78 45.06 5.69 44.02 7.88 
1.50 
Mode 1 24.85 23.09 7.08 23.95 3.63 
Mode 2 31.54 28.35 10.13 28.65 9.18 
Mode 3 44.19 40.69 7.91 39.97 9.54 
Mode 4 62.60 60.40 3.51 58.43 6.66 
1.75 
Mode 1 26.04 23.92 8.11 24.71 5.08 
Mode 2 36.19 32.56 10.02 32.50 10.19 
Mode 3 54.66 51.19 6.34 49.80 8.88 
Mode 4 64.84 61.34 5.40 63.83 1.56 
Ave. 6.93  5.78 
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Table 4.3 COP Comparison of Frequencies from Solid and Shell Model 
Aspect Ratio SOLID SHELL % Difference Tuned SHELL % Difference 
0.75 
Mode 1 25.31 25.90 2.31 24.41 3.55 
Mode 2 35.86 38.30 6.81 35.76 0.28 
Mode 3 54.26 60.61 11.71 56.33 3.81 
Mode 4 63.77 64.81 1.63 61.36 3.78 
1 
Mode 1 29.06 30.35 4.45 28.47 2.01 
Mode 2 50.27 55.73 10.85 51.82 3.08 
Mode 3 67.00 68.12 1.67 64.33 3.98 
Mode 4 84.92 89.43 5.32 83.80 1.32 
1.25 
Mode 1 34.78 37.35 7.41 34.86 0.23 
Mode 2 70.07 73.20 4.47 68.96 1.58 
Mode 3 71.62 79.70 11.30 73.95 3.27 
Mode 4 103.93 110.28 6.10 102.90 0.99 
1.50 
Mode 1 42.60 46.88 10.05 43.63 2.41 
Mode 2 77.83 80.40 3.30 75.49 3.01 
Mode 3 94.50 109.81 16.19 101.76 7.67 
Mode 4 126.99 136.93 7.82 128.19 0.94 
1.75 
Mode 1 52.54 58.91 12.13 54.72 4.14 
Mode 2 85.96 89.92 4.61 84.25 1.99 
Mode 3 124.98 144.72 15.80 135.08 8.08 
Mode 4 141.53 145.81 3.02 136.25 3.73 
Ave. 7.35  2.99 
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Table 4.4 CHS403/405 Comparisons of Frequencies from Solid and Shell Model 
Aspect Ratio SOLID SHELL % Difference Tuned SHELL % Difference 
0.75 
Mode 1 26.04 26.80 2.90 25.23 3.10 
Mode 2 38.67 41.53 7.39 38.72 0.13 
Mode 3 60.10 65.92 9.69 62.37 3.78 
Mode 4 64.57 67.20 4.08 62.41 3.35 
1 
Mode 1 30.55 32.16 5.27 30.14 1.34 
Mode 2 55.44 61.60 11.11 57.21 3.19 
Mode 3 68.39 69.91 2.22 65.96 3.56 
Mode 4 91.48 95.56 4.45 89.40 2.28 
1.25 
Mode 1 37.36 40.38 8.06 37.66 0.79 
Mode 2 73.94 76.06 2.87 71.52 3.27 
Mode 3 73.30 88.80 21.14 82.33 12.32 
Mode 4 112.34 119.89 6.72 111.75 0.53 
1.50 
Mode 1 46.56 51.39 10.38 47.76 2.60 
Mode 2 81.45 84.72 4.01 79.39 2.53 
Mode 3 106.83 122.82 14.97 113.79 6.52 
Mode 4 137.89 141.16 2.37 133.06 3.51 
1.75 
Mode 1 58.05 65.21 12.33 60.46 4.17 
Mode 2 91.13 96.07 5.41 89.78 1.49 
Mode 3 140.96 150.53 6.79 141.54 0.41 
Mode 4 146.37 163.40 11.63 151.31 3.37 
Ave. 7.69  3.11 
Table 4.5 Elasticity and Thickness of Untuned and Tuned Shell Element 
Floor Ey (×106 psi) heq (in.) 
 Eq. 4.4 Tuned Difference Eq. 4.6 Tuned Difference 
CMC 4.24 5.3 25% 5.33 4.90 -8% 
CoP 8.68 9.11 5% 5.60 5.32 -5% 
CHS 6.89 7.23 5% 4.91 4.66 -5% 
OHR 282 338.4 20% 3.19 3.09 -3% 
4.2.2 Beams and Columns  
Beams and girders are modeled using beam element BEAM44. BEAM44 is a 
three-node element with six degrees of freedom on each node.  The eccentricity of the 
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beam and plate is modeled by defining the nodes for the beam and shell elements in the 
same plane and then offsetting the centroid of beam section (Figure 4.3).   
  
(a) Slab-Beam Model  (b) Composite Section 
Figure 4.3 Beam Element Offset 
In the finite element model shown in Figure 4.3a, the moment of inertia of the 
section is Is+Ib+eb×Ab2 which is equal to the moment of inertia of the actual composite 
section shown in Figure 4.3b. By equaling the moment of inertia in the finite element 
model and the actual composite section, the offset of the beam is given by 
eb =
Icomp − I p − Ib
Ab  
Eq. 4.10 
where  
Icomp = moment of inertia of the actual composite section, shown in Figure 4.3b 
Ip = moment of inertia of slab about its own centroidal axis 
Ib = moment of inertia of beam about its own centroidal axis 
Ab = beam cross-section area 
Beams in direct contact with the slab behave as fully composite sections whether 
or not stud shear connectors are provided because human-induced floor vibration usually 
results in extremely small mid-bay displacement amplitudes, so cause very small 
horizontal shears far below those that would cause slipping.  For the same reason member 
end connections were modeled as continuous even if the connections were designed to 
behave as a shear connection for strength and stiffness checks.   
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Columns were modeled full height using element BEAM44 both above and under 
the floor and fixed at boundaries. 
4.2.3 Masses for Vibration Analysis 
As mass increases, the structure is less responsive.  Thus best estimates of 
structural and superimposed masses were used instead of high-end design values.  
Structural masses were computed using nominal density and dimensions.  
4.2.4 Damping 
Floors are almost always very lightly damped. All the measured damping ratios in 
this research are below 5% for occupied floors with partitions and 1% for bare floors.   
The effect of the damping is neglected in the prediction of natural frequencies and mode 
shapes. In harmonic analysis measured damping ratios were used if measurements were 
available. Otherwise estimated damping ratios were used as given in Table 4.6.   Note 
that the damping ratio shown in Table 4.6 is accumulative. 
Table 4.6 Recommended Component Damping Values 
Component Damping Ratio 
Structural System 0.01 
Ceiling and Ductwork 0.01 
Electric Office Fit-out 0.005 
Paper Office Fit-out 0.01 
Churches, Schools, Malls 0.0 
Dry Wall Partitions in Bay 0.03 to 0.05 
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4.3 Effect of Full Height Partitions 
Experience has shown that full-height non-structural partitions significantly affect 
the dynamic properties of floor system such as natural frequencies, mode shapes and 
damping. However, few attempts have been made to include partitions in detail in finite 
element models. To the authors’ knowledge, there are no guidelines for including their 
beneficial effect in floor vibration evaluation.   
As described in Chapter 3, six bays in this research, COP, CMC3, CMC4, 
CHS403, CHS405 and OHR, include significant amounts of full-height partitions.  A 
combined experimental and analytical study was performed to determine their effects and 
establish modeling recommendations.  The partition walls were modeled using vertical 
linear spring elements, COMBIN14, at slab nodes along partitions below and on the slab. 
COMBIN14 is a two-node element with three degrees of freedom at each node 
(translation in the x, y and z direction). Natural frequencies, mode shapes and FRF 
magnitude were computed and compared with the measurements.  Using a trial-and-error 
process, optimum spring stiffness was selected for each floor.  The detailed results are 
shown in the following sections. 
4.4 Tuning of Finite Element Model 
Finite element models, without partitions, were first developed using modeling 
techniques from Section 4.2 and 4.3.  Natural frequencies, mode shapes, and frequency 
response function were predicted, and large discrepancies were found between the 
predicted results and measurements. This was expected because non-structural partition 
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walls were not included in the model and several material and geometric parameters in 
the finite element models such as elastic modulus, orthotropic stiffness ratio, thickness of 
the equivalent orthotropic shell element and superimposed masses were not known 
exactly or not predicted accurately. Therefore, the finite element models were tuned to 
provide optimum prediction by (1) modeling the non-structural partitions at their actual 
location; (2) varying parameters listed above; and (3) comparing the prediction with 
measurements. 
In the tuning process, for floors with measurements from full experimental modal 
analysis, measured and predicted natural frequencies, mode shapes and the frequency 
response function were compared. The degree of correlation of the measured and 
predicted mode shapes were compared using the Modal Assurance Criterion (MAC) 
shown in Eq. 4.11.  MAC values greater than 0.8 indicate the two mode shapes correlate 
(1.0 indicates a perfect match).  MAC values below 0.2 indicate the two mode shapes do 
not correlate.  MAC values between 0.2 and 0.8 indicate the two mode shapes are 
somewhat correlated (Ewins, 2000).  FRF maximum measured and predicted magnitudes 
were also compared. 
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Eq. 4.11 
where  
φ1 = predicted mode shape vector 
φ2 = measured mode shape vector 
For floors with measurements from heel-drop tests, the predicted FRF was 
compared with estimated FRF from heel-drop test.  Table 4.7 summarizes key parameters 
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in the models before and after the tuning process. It was found that Eq. 4.4 tended to 
underestimate the flexural rigidity up to 20% and Eq. 4.6 tended to overestimate the 
equivalent thickness up to 20%. Table 4.5 and Table 4.7 show consistent results, which 
means the tuning procedure is necessary. The superimposed loads on floors were 
determined by a trial-and error procedure.  The stiffness of light-weight partitions did not 
have an initial value, the values in Table 4.7 were determined from tuning procedure.  
When tuning of finite element model is not feasible, 208 lb./in./in. (2.5 kips/in./ft.) is 
recommended. Note that all the models in this research use the values in Table 4.7.  
Table 4.7  Model Parameters Predicted and in Models 
 Ey (106 psi) 
Ex 
(106 psi) 
heq 
(in.) 
Partition 
Stiffness 
lb./in./in. 
Collateral 
Load  
(psf) 
 Eq. 4.4 Model Eq. 4.3 Model Eq. 4.6 Model   
VT 15.9 15.9 4.60 4.60 5.22 5.22 N/A 0 
CoP 8.68 10.4 4.60 4.60 5.60 5.51 388 10 
RMOB 6.73 6.73 4.92 4.92 5.46 5.46 N/A 0 
CMC3 4.24 5.30 3.04 3.04 5.33 4.90 247 17 
CMC4 4.24 5.30 3.04 3.04 5.33 5.33 247 18.8 
CHS405 6.88 6.90 4.60 4.60 4.91 3.93 312.5 7.2 
CHS403 6.88 6.90 4.60 4.60 4.91 3.93 312.5 7.2 
OHR 282 282 4.08 6.12 3.19 4.14 327 16.1 
in which 
Ey = elasticity of slab in strong direction, parallel to rib 
Ex = elasticity of slab in weak direction, perpendicular to rib 
heq = equivalent thickness of orthotropic shell element 
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4.5 Comparisons of Measurements and Predictions 
4.5.1 Predictions and Comparisons on Low Frequency Floors 
Modal properties and FRF magnitude spectrum were predicted for each specimen 
using the methods in Section 4.1 through Section 4.4.  These are compared in the sections 
below to provide evidence that the proposed methods are accurate for design use. 
4.5.1.1 Long Span Composite Slab Laboratory Specimen (VT) 
The long span composite slab laboratory specimen was modeled using ANSYS.  
The measured and predicted fundamental mode shape are shown in Figure 4.4. The 
measured and predicted fundamental frequency are 4.98 Hz and 5.00 Hz, for a measured-
to-predicted frequency ratio of 0.996. 
  
Figure 4.4 Measured and Predicted Mode Shapes, Long Span Composite Slab Lab 
Specimen 
The measured damping ratio determined from EMA FRF curve fitting (Davis, 
2008) was used in harmonic analysis. The measured and predicted FRF magnitude 
spectra are shown in Figure 4.5. The measured to predicted ratio is 0.938 indicating good 
agreement between the measured and predicted values. 
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Figure 4.5 Measured and Predicted Accelerance FRF Magnitudes, Long Span 
Composite Slab Lab Specimen 
4.5.1.2 University of Kentucky College of Pharmacy (COP) 
Natural frequencies and mode shapes of first five modes between 5.8 Hz and 10.0 
Hz were measured using EMA. The predicted mode shapes are shown in Figure 4.6. 
Partition walls were included in the model with spring stiffness of 4.57 kips / in. / ft.   
To illustrate the effect from lightweight partitions, the mode shapes and MAC 
values of first five modes predicted from model without partitions are also shown in 
Figure 4.7 and Table 4.8. It can be seen the inclusion of partition significantly increase 
the accuracy of the model. 
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Measured Mode1, 5.80 Hz Predicted Mode 1, 5.83 Hz 
  
Measured Mode 2, 7.80 Hz Predicted Mode 2, 7.40 Hz 
  
Measured Mode 3, 7.80 Hz Predicted Mode 3, 7.63 Hz 
  
Measured Mode 4, 9.90 Hz Predicted Mode 4, 9.60 Hz 
  
Measured Mode 5, 10.0 Hz Predicted Mode 5, 10.0 Hz 
Figure 4.6 Measured and Predicted Mode Shapes, College of Pharmacy 
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Mode 1, 4.77 Hz Mode 2, 4.92 Hz 
  
Mode 3,  5.23 Hz Mode 4,  5.74 Hz 
 
Mode 5,  6.50 Hz 
Figure 4.7 Predicted Mode Shapes from Model without Partitions, College of 
Pharmacy 
Table 4.8 COP Natural Modes 
Mode No. 
Frequency (Hz) MAC 
Meas. w/o Partitions w/ Partitions w/o Partitions w/ Partitions 
1 5.80 4.77 5.83 0.12 0.95 
2 7.80 4.92 7.44 0.52 0.92 
3 7.80 5.23 7.63 0.32 0.73 
4 9.90 5.74 9.59 0.29 0.63 
5 10.0 6.50 10.0 0.47 0.70 
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The measured damping ratios were used in the harmonic analysis.  Measured and 
predicted FRF magnitude spectra at the middle of the bay A-9/D-10 and the middle of 
Room-250 (A-8/D-10) are shown respectively in Figure 4.8 and Table 4.9. The FRF at 
the mid bay of A-9/D-10 from model without partitions is also shown in Figure 4.8c.  
 
 
(a) Driving Point FRF, w/ Partitions (b) Mid-room FRF, w/ Partitions 
 
(c) Driving Point FRF, w/o Partitions 
Figure 4.8 Measured and Predicted Accelerance FRF Magnitudes, College of 
Pharmacy 
Table 4.9 COP FRF Maximum Magnitudes 
Description FRF Maximum Magnitude (%g / lbf) Meas. / Pred. Prediction Measurement 
Mid Bay A-9/D-10 0.0143 0.0131 0.92 
Mid Room A-8/D-10 0.0136 0.0150 1.10 
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Comparison between predicted and measured natural frequencies, mode shapes 
and FRF maximum magnitude shows the good agreement of the finite element model and 
the actual structure. The inclusion of partitions can also increase the accuracy of the 
natural modes and FRF prediction. 
4.5.1.3 Riverside Medical Office Building (RMOB) 
Eight modes between 6.75 Hz and 8.69 Hz were predicted (Figure 4.9) using 
finite element analysis and six modes were measured between 6.42 Hz and 8.14 Hz using 
EMA and three in the six measured modes match the predicted modes (Figure 4.10).  
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Mode 1, 6.75 Hz Mode 2, 7.24 Hz 
  
Mode 3, 7.58 Hz Mode 4, 8.00 Hz 
  
Mode 5, 8.05 Hz Mode 6, 8.16 Hz 
  
Mode 7, 8.46 Hz Mode 8, 8.69 Hz 
Figure 4.9 Riverside Medical Office Building Predicted Natural Modes 
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Measured Mode 4, 7.14 Hz Predicted Mode 1, 6.75 Hz 
 
 
Measured Mode 5, 7.46 Hz Predicted Mode 7, 8.46 Hz 
 
 
Measured Mode 6, 8.14 Hz Predicted Mode 4, 8.00 Hz 
 Figure 4.10 Riverside Medical Office Building Comparable Measured and 
Predicted Mode Shapes 
Table 4.10 Riverside Medical Office Building Natural Frequencies 
Pred. Natural Mode Natural Frequency (Hz) Meas. / Pred. Prediction Measurment 
Mode 1 6.75 7.14 1.06 
Mode 6 8 8.14 1.02 
Mode 7 8.46 7.46 0.88 
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Table 4.11 Riverside Medical Office Building FRF Maximum Magnitude 
Location FRF Maximum Magnitude (%g / lbf) Meas. / Pred. Prediction Measurement 
Mid Bay 1 0.165 0.151 0.92 
Mid Bay 2 0.201 0.128 0.64 
Mid Bay 3 0.171 0.118 0.69 
Mid Bay 4 0.195 0.077 0.39 
Comparison of measured and predicted FRF magnitudes spectra at center of Bay 
1 through Bay 4 are shown in Figure 4.11.  The measured damping ratios (Davis 2008) 
determined from EMA FRF curve-fitting were used in harmonic analysis. In Bay 1, the 
model accurately predicted the maximum magnitude and corresponding natural 
frequency. Measured dominant FRF magnitude is 0.151 %g / lbf at 8.125 Hz whereas 
predicted dominant FRF magnitude is 0.165 %g / lbf at 8.01 Hz. In Bay 2, the model 
accurately predicted the natural frequency at dominant mode but over-predicted the 
magnitude. Measured dominant FRF magnitude is 0.128 %g / lbf at 8.125 Hz whereas 
predicted dominant FRF magnitude is 0.201 %g / lbf at 8.16 Hz. In Bay 3 the finite 
element model over-predicted the FRF magnitude. Measured dominant FRF magnitude is 
0.118 %g / lbf at 7 Hz whereas predicted dominant FRF magnitude is 0.171 %g / lbf at 
7.24 Hz and measurement over prediction ratio is 0.69. In Bay 4 the model inaccurately 
predicted the accelerance peak. The measured dominant mode is measured mode 5 at 
7.46 Hz and FRF magnitude is 0.077 %g / lbf. The corresponding predicted mode is 
mode 7 at 8.46 Hz and FRF magnitude is 0.068 %g / lbf.  The predicted dominant mode 
is mode 8 at 8.69 Hz and FRF magnitude is 0.195 %g / lbf. This mode does not exist 
according to the measurement. 
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Shaker in Bay 1 Shaker in Bay 2 
  
Shaker in Bay 3 Shaker in Bay 4 
 Figure 4.11 Riverside Medical Office Building Measured and Predicted 
Accelerance FRF Magnitudes 
4.5.2 Predictions and Comparisons on High Frequency Floors 
Modal properties and FRF magnitude spectrum were predicted for five high 
frequency floor bays.   The predictions are compared in the following sections to provide 
evidence that the proposed methods are accurate enough for design use. 
4.5.2.1 Centennial Medical Center, Third Floor (CMC3) 
Natural frequencies and mode shapes were predicted using ANSYS (Figure 4.12) 
and partition walls were included in the model with spring stiffness of 2.96 kips /in. /ft. 
Three responsive single curvature modes were found between 10 Hz and 18 Hz (Figure 
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4.12). There is also a double curvature mode found at 15.4 Hz. The floor was tested using 
EMA and three modes were found between 10 Hz and 18 Hz. The MAC value is shown 
in Table 4.12.  There are also several non-responsive natural modes with modal response 
less than 5% of the response of the modes shown above. These non-responsive modes are 
not listed due to their small response contribution. 
The finite element model does not predict the natural frequencies in the same 
sequence as the measurements. The first predicted mode (9.58 Hz) has similar mode 
shape as the second measured mode at 10.5 Hz and the second and third predicted mode 
at 10.01 Hz and 10.07 Hz have similar mode shapes as the first measured mode at 10.0 
Hz. The second and third predicted mode have almost identical mode shape and very 
closed natural frequencies thus is considered as one mode. The finite element analysis 
predicts a double curvature mode at 15.4 Hz, which has similar mode shape as the third 
measured mode at 14.3 Hz. However the nodal line in the third measured mode is closed 
to Axis-12 but it is near the center of the bay in predicted mode.  In the author’s opinion, 
the possible reasons are (1) the stairwell next to Axis-11 cannot be accurately modeled; 
(2) because of the limitation of channels/accelerometers, the double curvature mode was 
not captured accurately. 
To illustrate the effect from lightweight partitions, the mode shapes and MAC 
values predicted from model without partitions are also shown in Figure 4.13 and Table 
4.12. It can be seen the inclusion of partition increases the accuracy of the model.  
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Measured Mode, 10.5 Hz Predicted Mode, 9.58 Hz 
 
 
Measured Mode, 10.0 Hz Predicted Mode, 10.01 Hz 
 
 
Measured Mode, 10.0 Hz Predicted Mode, 10.07 Hz 
 
 
Measured Mode, 14.3 Hz Predicted Mode, 15.40 Hz 
Figure 4.12 Predicted Natural Modes Centennial Medical Center, Third Floor 
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Mode 1, 7.80 Hz Mode 2, 8.32 Hz 
 
Mode 3, 8.50 Hz 
 Figure 4.13 Predicted Natural Mode without Partitions Centennial Medical Center, 
Third Floor 
Table 4.12 Natural Modes, Centennial Medical Center, Third Floor 
Frequency (Hz) MAC 
Measured w/o Partitions w/ Partitions w/o Partitions w/ Partitions 
10.0 8.50 10.01/10.07 0.86 0.92 
10.5 7.80 9.58 0.46 0.48 
The measured damping ratio determined from EMA FRF curve fitting was used in 
harmonic analysis. Comparison between measured and predicted FRF magnitude 
spectrum is shown in Figure 4.14. Measured maximum FRF magnitude is 0.029 %g / lbf 
at 10.7 Hz whereas predicted dominant FRF magnitude is 0.0309 %g / lbf at 10 Hz.  The 
model slightly over-predicted the maximum FRF magnitude at 10.5 Hz with 
measurement to prediction ratio of 0.91.  The model underestimates FRF magnitude at 
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14.3 Hz with measurement to prediction ratio of 2.07.  It can be seen that the inclusion of 
partitions can also increase the accuracy of the FRF prediction 
  
(a) FRF Without Partitions (b) FRF With Partitions 
 Figure 4.14 Measured and Predicted Accelerance FRF Magnitudes, Centennial 
Medical Center, Third Floor 
4.5.2.2 Centennial Medical Center, Fourth Floor (CMC4) 
The floor was modeled using ANSYS and five single curvature modes were found 
between 10 Hz and 18 Hz in the tested bay (Figure 4.15).  Partition walls were included 
in the model and the same spring stiffness of 2.96 kips/in./ ft. of CMC3 was used in the 
model. 
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10.64 Hz 10.94 Hz 
  
11.17 Hz 11.66 Hz 
 
11.93 Hz 
 Figure 4.15 Predicted Natural Modes, Centennial Medical Center, Fourth Floor 
EMA was not feasible on this bay. Heel-drop tests were performed to estimate the 
natural frequencies and FRF on this bay. The measured dominant mode is at 11.8 Hz 
while predicted dominant mode is at 11.66 Hz.  There are also several non-responsive 
natural modes with modal response less than 5% of the response of the modes shown 
above. These non-responsive modes are not listed due to their small response 
contribution. 
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Figure 4.16 shows the heel-drop acceleration spectrum and the predicted FRF, 
indicating good agreement of the finite element model and the actual structure.  The 
model without partitions predicted fundamental mode at 8.96 Hz.  The discrepancy of 
measured and predicted natural frequencies decrease from 24% to 1.2% by inclusion of 
partitions in the finite element model.   
 
Figure 4.16 Estimated and Predicted Accelerance FRF, Centennial Medical Center, 
Fourth Floor 
4.5.2.3 University of Kentucky, College of Health Sciences, Room 405 (CHS405) 
Natural frequencies and mode shapes were predicted using ANSYS, partition 
walls were included in the model with spring stiffness of 3.75 kips /in. /ft. Eight single 
curvature modes were found in the tested bay between 9 Hz and 18 Hz (Figure 4.17).   
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(a) 10.19 Hz (b) 10.35 Hz 
  
(c) 10.52 Hz, (d) 10.60 Hz 
  
(e) 10.78 Hz (f) 11.32 Hz 
  
(g) 11.54 Hz (h) 12.16 Hz 
 Figure 4.17 Predicted Natural Modes, College of Health Sciences, Room 405 
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Heel-drop tests were performed to estimate the natural frequencies and FRF on 
this bay.  Figure 4.18 shows the heel-drop acceleration spectrum and the predicted FRF.  
The finite element model slightly over-predicted the fundamental frequency at 10.2 Hz 
while measured fundamental mode is at 9.7 Hz.  The estimated FRF magnitude spectrum 
reveals another two mode at 11.5 Hz and 14 Hz with accelerance magnitude on same 
level of the fundamental mode. The finite element model predicts several modes between 
10.3 Hz and 12.1 Hz, however none of these modes has high accelerance magnitude. 
The model without partitions predicted fundamental frequency at 5.61 Hz.  The 
discrepancy of measured and predicted natural frequencies decrease from 42.8 % to 4.0% 
by including partitions in the model. 
 
 Figure 4.18 Estimated and Predicted Accelerance FRF, College of Health Sciences, 
Room 405 
4.5.2.4 University of Kentucky, College of Health Sciences, Room 403 (CHS403) 
Natural frequencies and mode shapes were predicted using ANSYS and partition 
walls were included in the model with spring stiffness of 3.75 kips /in. /ft. Two 
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responsive single curvature modes were found between 9 Hz and 18 Hz in the tested bay 
(Figure 4.19).   
  
10.56 Hz 10.68 Hz 
 Figure 4.19 Predicted Natural Modes, College of Health Sciences, Room 403 
There are also several non-responsive natural modes with modal response much 
less than the responsive modes shown above. These non-responsive modes are not listed 
due to their small response contribution. 
Heel-drop tests were performed to estimate the natural frequencies and FRF. 
Comparison shows that estimated and predicted FRF magnitude spectrum match well 
(Figure 4.20).   The model without partitions predicted fundamental frequency at 6.33 Hz.  
The discrepancy of measured and predicted natural frequencis decrease from 40.6 % to 
0.7% by including partitions. 
  
128 
 
Figure 4.20  Estimated and Predicted Accelerance FRF, College of Health Sciences, 
Room 403 
4.5.2.5 Oliver H. Raymond Building 
Natural frequencies and mode shapes were predicted using ANSYS and partition 
walls were included in the model with spring stiffness of 3.93 kips /in. /ft.  Three single 
curvature modes and one double curvature mode were found in the tested bay between 10 
Hz and 18 Hz (Figure 4.21). The floor was tested using EMA and four modes were found 
between 10 Hz and 18 Hz.  The finite element model successfully predicted the mode 
shapes of the three single curvature modes. However the finite element model 
overestimated the natural frequencies of the single curvature modes by up to 15%. Finite 
element model accurately predicted the natural frequency for the double curvature mode.  
The FRF was predicted using harmonic analysis with measured damping ratio 
determined from EMA curve fitting. The comparison between measured and predicted 
FRF’s is shown in Figure 4.23. The model slightly over-predicted the FRF maximum 
magnitude with a measurement over prediction ratio of 0.80.  The measured FRF 
maximum magnitude is 0.0235 %g / lbf at 14.6 Hz whereas predicted maximum FRF 
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magnitude is 0.0295 %g / lbf at 13.04 Hz.   To illustrate the effect from lightweight 
partitions, the mode shapes and MAC values of first three modes predicted from model 
without partitions are also shown in Figure 4.22 and Table 4.13. It can be seen the 
inclusion of partition increase the accuracy of the model.  
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Measured Mode, 14.7 Hz Predicted Mode, 13.01 Hz 
  
Measured Mode, 15.2 Hz Predicted Mode, 13.08 Hz 
  
Measured Mode, 15.7 Hz Predicted Mode, 13.04Hz 
 
 
Measured Mode, 18.0 Hz Predicted Mode, 17.6Hz 
 Figure 4.21 Comparable Measured and Predicted Mode Shapes, Oliver H. 
Raymond Building 
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11.82 Hz 11.91 Hz 
 
12.25 Hz 
 Figure 4.22 Predicted Mode Shapes from Model without Partitions, Oliver H. 
Raymond Building 
Table 4.13 OHR Natural Modes, Oliver H. Raymond Building 
Mode 
Frequency (Hz) MAC 
Measured w/o Partitions w/ Partitions w/o Partitions w/ Partitions 
1 14.7 11.91 13.01 0.31 0.89 
2 15.2 11.82 13.08 0.31 0.75 
3 15.7 12.25 13.04 0.82 0.67 
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FRF Without Partitions FRF with Partitions 
 Figure 4.23  Measured and Predicted Accelerance FRF Magnitudes, Oliver H. 
Raymond Building 
4.6 Summary of Comparisons 
Finite element models were developed using the methods recommended in this 
chapter. Natural modes and frequency response functions were predicted by the finite 
element models. The average measured to predicted ratio of natural frequencies is 1.03 
with 7% COV (Table 4.14). The average measured to predicted ratio of frequency 
response function maximum magnitude ratio is 0.81 with 26% COV (Table 4.15), 
indicating slightly conservative predictions with fairly good precision. 
Light weight partitions were included in the model as vertical linear spring and the 
inclusion of partitions significantly increase the accuracy of prediction. 
 
 
 
  
133 
Table 4.14 Natural Frequencies Prediction 
Pred. Natural 
Mode ID 
Natural Frequency (Hz) Meas. / 
Pred. MAC Prediction Measurment 
VT Mode 1 5 4.98 1.00 / 
COP Mode 1 5.8 5.8 1.00 0.95 
COP Mode2 7.4 7.8 1.07 0.92 
COP Mode 3 7.6 7.8 1.03 0.73 
COP Mode 4 9.6 9.9 1.03 0.63 
COP Mode 5 10 10 1.00 0.70 
RMOB Mode 1 6.75 7.14 1.06 / 
RMOB Mode 6 8 8.14 1.02 / 
RMOB Mode 7 8.46 7.46 0.88 / 
CMC3 Mode 1 9.58 10.5 1.10 0.48 
CMC3 Mode 2 10.01 10 1.00 0.92 
CMC3 Mode 3 10.07 10 0.99 0.92 
CMC3 Mode 4 15.4 14.3 0.93  
CMC4 11.8* 11.8* 1.00 / 
CHS405 10.2* 9.7* 0.94 / 
CHS403 10.6* 10.6* 1.13 / 
OHR Mode 1 13.01 14.7 1.13 0.89 
OHR Mode 2 13.04 15.7 1.20 0.75 
OHR Mode 3 13.08 15.2 1.16 0.67 
OHR Mode 4 17.6 18.0 1.02 / 
Average 1.03 0.78 
COV 7.6% 19.7% 
* Frequency at maximum FRF magnitude 
Table 4.15 Maximum FRF Magnitude 
Description FRF Maximum Magnitude (%g / lbf) Meas. / Pred. Prediction Measurement 
VT Mode 1 0.388 0.364 0.94 
COP (Mid Bay) 0.0143 0.0131 0.92 
COP (Mid Room) 0.0136 0.0150 1.10 
RMOB, Bay 1 0.165 0.151 0.92 
RMOB, Bay 2 0.201 0.128 0.54 
RMOB, Bay 3 0.171 0.118 0.69 
RMOB, Bay 4 0.195 0.0770 0.39 
CMC3 0.0309 0.0290 0.91 
OHR 0.0295 0.0235 0.79 
Average 0.81 
COV 26% 
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CHAPTER 5  
MANUAL PREDICTION OF STEEL-FRAMED FLOOR 
NATURAL MODAL PROPERTIES 
For the purposes of vibration response prediction, the floor system is described by 
its natural modes.  Each natural mode is characterized by its damping, natural frequency, 
mode shape, and effective mass, which must be estimated based on experience and 
published guidelines.  When a finite element analysis is not available, the last three 
parameters can be predicted for individual bays using the manual calculation described in 
this chapter.  The methods in this chapter apply to steel-framed rectangular bays.  
5.1 Fundamental Natural Frequency 
The fundamental natural mode of a typical floor bay often resembles a beam 
bending mode or girder bending mode, depending on the relative stiffness in the two 
orthogonal directions. In the beam mode, movement of beams and girders follow sine 
wave pattern while beam moves significantly more than girders (Table 5.1a).  In the 
girder mode, movement of beams and girders follow sine wave pattern while girders 
move significantly more than beams (Table 5.1b).  The fundamental natural frequency of 
a bay can be obtained by finding the minimum of the natural frequencies for the beam 
bending mode and girder bending mode (Eq. 5.1).  The beam natural frequency, fnb, and 
girder natural frequencies, fng1 and fng2 are computed using the methods shown in the 
following sections.  
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( )ngnbn fff ,min=  Eq. 5.1 
 
  
(a) Beam Mode (b) Girder Mode 
Figure 5.1 Beam and Girder Modes 
The bay is idealized as an equivalent orthotropic plate with mass and stiffness 
corresponding to the floor bay.  The equivalent plate, including nomenclature necessary 
in the following paragraphs, is shown in Figure 5.2.  Each girder tributary area extends in 
the y-direction from mid-bay of the bay under consideration to mid-bay of the adjacent 
bay. 
  
Figure 5.2 Plan View of Equivalent Orthotropic Plate 
  
136 
Beam and girder mode natural frequencies are computed using the Rayleigh 
quotient method, which states that the energy is constant in an undamped freely vibrating 
system.  Thus, the maximum kinetic energy equals the maximum potential energy 
(Clough and Penzien 2003).  The maximum potential energy, PE, is the sum of the 
potential energies of the elements providing stiffness, e.g., the slab, beam and girder 
members, and full-height partitions.  Similarly, the maximum kinetic energy, KE, is the 
sum of the kinetic energies of the slab and other elements with significant mass. PE and 
KE depend on the vibration mode shape, which is assumed to be sinusoidal as shown in 
Figure 5.1. 
In this method, slab is modeled as several T-shaped beams/girders while slab is 
considered as the top flange. The potential energy of the T-shaped beams/girders is 
obtained using the transformed moment of inertia.    
5.1.1 Beam Mode Natural Frequency 
The beam bending mode natural frequency is computed by setting PE = KE, with 
the potential and kinetic energy terms defined below.  The mode shape in Eq. 5.2 is used 
to derive each energy term. 
w x, y( ) = Δv sin πyLb
sin
π(x + Lg )
3Lg  
Eq. 5.2 
where vΔ  is the arbitrarily assigned maximum amplitude (e.g., 1 in.), occurring at mid-
bay. Lb and Lg are beam and girder span respectively.  The potential energy of beam is 
given by 
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Lb∫ dy
 
Eq. 5.3 
Substitute Eq. 5.2 into Eq. 5.3, the potential energy of each beam is computed 
using the following equation.  
PEb =
π4Δv
2
4Lb3
sin2 π(xi + Lg )3Lgi=1
Nbm
∑ EIb,tr,i
 
Eq. 5.4 
where 
xi  = beam location, see Figure 5.2 
Es = modulus of elasticity of steel 
Ib,tr,i = transformed moment of inertia of the ith beam, computing using the methods 
in Chapter 3 of AISC DG11 
To aid calculation, the summation term in Equation 5.4 is calculated for number 
of beams equals two through four (Table 5.1). 
Table 5.1  Coefficient in Equation 5.4 
Nbm 2 3 4 
sin2 π(xi + Lg )3Lgi=1
Nbm
∑  1.94 2.87 3.79 
Each partition is considered as a line of linear springs.  The spring stiffness of 
common types of lightweight partitions is given in Chapter 4. The potential energy of 
full-height partition parallel to the x axis is computed using Eq. 5.5.  See Figure 5.2 for 
variable names.  
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PEp,x =
x2,i − x1,i( )
4 −
3Lg
8π sin
2π
3Lg
x2,i + Lg( )− sin
2π
3Lg
x1,i + Lg( )
#
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Eq. 5.5 
where  
Npx  = number of partitions parallel to the x axis 
x1,i, x2,i = x coordinates at ith partition ends (x2 > x1) 
ki = ith partition vertical stiffness per unit length, 3 kip/in./ft of wall 
y1,i = ith partition y coordinate 
Similarly, the potential energy of full-height partitions parallel to the y-axis is 
computed using Eq. 5.6.  
PEp,y =
1
2 sin
2 π(xi + Lg )
3Lg
ki
y2,i − y1,i
2
#
$
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&
'
(−
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2
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Npy
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Eq. 5.6 
where 
Npy  = number of partitions parallel to the y axis 
x1,i, x2,i = y coordinates at ith partition ends (x2 > x1) 
ki = ith partition vertical stiffness per unit length 
The kinetic energy of the bay is computed using Eq. 5.7.  The distributed mass 
includes the best estimates (not strength design values) of beams, deck, slab, and 
superimposed masses.  
KE = 1
Nbm
sin2
π(xi + Lg )
3Lgi=1
Nbm
∑
mbLgLbΔv
2
4
=
1
Nbm
sin2
π(xi + Lg )
3Lgi=1
Nbm
∑
pbLgLbΔv
2
4g  
Eq. 5.7 
where 
mb  = distributed mass in the bay (beam, deck, slab, superimposed dead load, and live 
load) 
pb = distributed weight in the bay (beam, deck, slab, superimposed dead load, and 
live load) 
g = acceleration due to gravity 
The beam mode natural frequency is determined by solving PE = KE (Eq. 5.8) 
 KE
PEPEPE
f pypxbnb
++
π
=
2
1
 
Eq. 5.8 
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5.1.2 Girder Mode Natural Frequency 
Each individual girder bending mode natural frequency is computed by setting PE 
= KE, with the potential and kinetic energy terms defined below.  The half-sine wave 
mode shape in Eq. 5.9 is used to derive each energy term. 
w x, y( ) = Δv sin πxLg
sin π(y + Lb )
3Lb  
Eq. 5.9 
where vΔ  is the arbitrarily assigned maximum amplitude, occurring at mid-bay. Lg, Lb are 
girder and beam span respectively. 
The potential energy of Girder 1 (PEg1) and Girder 2 (PEg2) are computed using 
the following equation.   
PEG1 = 0.75
π4
4Lg3
EsIG1,trΔv2
 
  Eq. 5.10 
PEG2 = 0.75
π4
4Lg3
EIG2,trΔv2
 
Eq. 5.11 
where 
Es = modulus of elasticity of steel 
IG1,tr = girder 1 transformed moment of inertia 
IG2,tr = girder 2 transformed moment of inertia 
Lg = girder span 
The transformed moment of inertia of each girder is computed using the methods 
in DG11 Chapter 3. 
The potential energy of the full-height partitions parallel to the x axis is computed 
using the Eq. 5.12, which is evaluated twice: once for the Girder 1 tributary area and 
again for the Girder 2 tributary area.  See Figure 5.2 for variable names.   
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Eq. 5.12 
where 
i = girder number, 1 or 2 
Npx,j  = number of partitions parallel to the x axis on or under the jth girder 
tributary area  
x1,i, x2,i = x coordinates at ith partition ends (a2>a1) 
ki = ith partition vertical stiffness per unit length, 3 kip/in./ft of wall 
Similarly, the potential energy of full-height partitions parallel to the y-axis is 
computed using the following equation for the Girder 1 and Girder 2 tributary areas.   
PEpy =
y2,i − y1,i( )
4 −
3Lb
8π sin
2π
3Lb
y2,i + Lb( )− sin
2π
3Lb
y1,i + Lb( )
#
$
%
&
'
(
)
*
+
,+
-
.
+
/+
k sin2 πxiLg
Δv
2
i=1
Npx
∑
 
Eq. 5.13 
where 
Npy,j  = number of partitions parallel to the y axis on or under the jth girder 
tributary area 
x1,i, x2,i = y coordinates at ith partition ends (x2>x1) 
ki = ith partition vertical stiffness per unit length 
xi = ith partition x coordinate 
The kinetic energy of the Girder 1 and Girder 2 tributary areas are computed 
using Eq. 5.14 and Eq. 5.15 respectively.  The distributed mass includes the best 
estimates (not strength design values) of girder, beam, deck, slab, and superimposed 
masses.  
 
 
  
141 
KEG1 =
3mG1LgLTribG1Δv2
16 =
3pG1LgLTribG1Δv2
16g  
Eq. 5.14 
KEG2 =
3mG2LgLTribG2Δv2
16 =
3pG2LgLTribG2Δv2
16g  
Eq. 5.15 
where 
mG1 = distributed mass (girder, beam, deck, slab, and superimposed) in the Girder 
1 tributary area 
mG2 = distributed mass in the Girder 2 tributary area 
pG1 = distributed weight (girder, beam, deck, slab, and superimposed) in the 
Girder 1 tributary area 
pG2 = distributed weight in the Girder 2 tributary area 
g = acceleration due to gravity 
LTribG1 = Girder 1 tributary width 
LTribG2 = Girder 2 tributary width 
The following Girder 1 and Girder 2 natural frequency equations are determined 
by solving PE = KE. 
1
1,1,1
1 2
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pypxG
ng KE
PEPEPE
f
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Eq. 5.16 
2
2,2,2
2 2
1
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pypxG
ng KE
PEPEPE
f
++
π
=
 
Eq. 5.17 
( )21,min ngngng fff =  Eq. 5.18 
5.2 Modal Mass and Mass-Normalized Mode Shape 
There is no rigorous definition of modal mass.  The relationship between modal 
mass and mode shape function is given by 
Mm = m x, y( )φ2 x, y( )dydx∫∫  Eq. 5.19 
where 
m (x, y) = distributed mass of the slab 
φ (x, y) = mode shape function 
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Mode shape functions are arbitrary, but they are usually given in mass-normalized 
or unity-normalized form.  The unity-normalized mode shape has the maximum mode 
shape amplitude of 1.0. Mass normalized mode shape is defined so that the modal mass 
given in following equation is unity. 
Mm = mφ2 x, y( )dydx0
b
∫0
a
∫ =1  Eq. 5.20 
where 
m = distributed mass in the bay 
φm(x,y) = mass-normalized mode shape 
The mass normalized mode shape can be written as 
φm x, y( ) = φmaxφ1 x, y( )  Eq. 5.21 
in which φmax is the maximum magintude of mass normalized mode shape and φ1 is the 
unity normalized mode shapes.  Substitute Eq. 5.21 into Eq. 5.20, it can be seen that the 
maximum amplitude of the mass-normalized fundamental mode shape is  
φmax =
1
M1  
Eq. 5.22 
where M1 is the modal mass that associate with the unity-normalized mode shape 
function (Eq. 5.23). 
M1 = mφ12 x, y( )dydx0
b
∫0
a
∫  Eq. 5.23 
M1 can be obtained using AISC DG11 and SCI354. Note that AISC DG11 
predicts effective panel weight and by assuming the half sine wave mode shape in one 
direction, the modal mass is half of the effective panel weight, W, divided by 
gravitational acceleration (g) or in equation form, M = W / (2 g). AISC DG11 and SCI354 
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method were evaluated by comparing the predicted modal mass with measurements on 28 
steel-framed floor bays (unpublished work by Pabian). The modal mass was measured 
based on the relationship between modal mass and FRF maximum magnitude (Eq. 5.24). 
M1 =
1
2ζA  
Eq. 5.24 
where 
ζ = critical damping ratio 
A = FRF maximum magnitude 
The comparison shows that AISC DG11 gives more accurate prediction with 
measurement to prediction ratio at 1.17 while SCI P354 has the measurement to 
prediction ratio at 1.56.  
5.3 Comparison of Measurements and Predictions 
The natural frequencies and modal mass of floors were predicted using proposed 
method described in this chapter. Table 5.2 and Table 5.3 shows comparisons of 
measured and predicted fundamental frequencies and modal mass.  The comparison 
shows the proposed method predicts the fundamental frequency accurately with average 
measurement over prediction ratio of 1.03 with COV of 7%. The measured modal mass 
from Eq. 5.24 is compared with half of the effective mass predicted by AISC DG11. The 
comparison shows that AISC DG11 tends to underestimate the modal mass with 
measurement to prediction ratio of 1.42 with a larger COV of 37%, which results in 
conservative response prediction. The possible reasons for the underestimation of modal 
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mass are (1) the actual mode shape differs from the assumed half-sine wave mode shape, 
(2) in actual structure movement in the adjacent bays results in larger modal mass. 
Table 5.2 Comparisons of Measured and Predicted Natural Frequencies 
Floor Measured  (Hz) 
Predicted (Hz) Meas. / Pred. Beam Mode Girder Mode Bay 
CMC3 10.7 10.5 10.0 10.0 1.00 
CMC4 11.8 11.1 10.7 10.7 1.10 
CHS405 9.7 10.5 15.5 10.5 0.93 
CHS403 10.6 10.6 12.4 10.6 1.00 
VT 4.98 4.84 7.83 4.84 1.03 
LV1 5.55 6.05 8.5 6.05 0.92 
LV2 6.00 6.05 8.5 6.05 0.99 
RMOB1 7.00 7.41 6.24 6.24 1.12 
RMOB2 6.42 7.41 6.24 6.24 1.03 
RMOB3 7.00 7.41 6.24 6.24 1.12 
RMOB4 7.43 7.41 6.49 6.49 1.14 
FBNT 8.30 8.41 17.9 8.41 0.99 
COP 5.80 6.05 11.2 6.05 0.96 
Ave. 1.03 
COV 0.07 
Table 5.3 Comparisons of Measured and Estimated Modal Mass and Half of the 
Effective Weight. 
Floor Measured  (kips) 
Effetive Wt. / 2  
(kips) Meas. / Pred. 
CMC3 49 40 1.25 
RMOB1 65 44 1.46 
RMOB2 77 65 1.18 
RMOB3 83 44 1.87 
RMOB4 127 45 2.86 
FBNT 21 15 1.38 
COP 145 91 1.58 
Ave. 1.42 
COV 0.37 
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CHAPTER 6  
IMPULSE RESPONSE PREDICTION BY FINITE ELEMENT 
ANALYSIS 
6.1 Introduction 
Conventional steel and concrete high frequency floor (HFF) bays, those with no 
responsive natural frequency below f4max, are often used to support areas with sensitive 
equipment because HFF do not allow resonant build-ups due to walking and thus undergo 
relatively minor vibrations.  Also, many types of equipment are less sensitive to high 
frequency vibrations than low frequency vibrations.   
  Specific tolerance limits from equipment manufacturers are sometimes expressed 
as waveform peak acceleration and are more commonly expressed as narrowband 
spectral acceleration magnitudes.  Both are required for some equipment.  Figure 6.1 
shows typical response to walking on a high frequency floor, with the waveform peak 
acceleration and narrowband spectral acceleration maximum magnitude indicated.  The 
latter is computed by fast Fourier transform of the former.  When specific limits are not 
available, engineers rely on generic tolerance limits such as those given in the American 
Institute of Steel Construction (AISC) Design Guide 11 (DG11) Table 6.1 (Murray et al. 
1997) which are usually expressed as one-third octave spectral velocity magnitudes.  
Figure 6.1c shows an example response to walking in the form of a one-third octave 
spectral velocity magnitude.  This spectrum is computed by bandwidth conversion of the 
narrowband spectrum, as described later in this chapter. 
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(a) Waveform (b) Narrowband acceleration spectrum 
 
(c) One third octave velocity spectrum 
Figure 6.1 Example response to walking 
The objective in this chapter is to develop a practical method for predicting the 
response to walking on steel-framed and reinforced concrete floors in the forms that are 
directly comparable to tolerance limits (1) waveform peak acceleration, (2) narrowband 
spectral acceleration magnitude, and (3) one-third octave spectral velocity magnitude.  
The methods are based on first principles and parameters established using previous 
research and then calibrated using measured responses to provide a specific probability of 
exceedance.   
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6.2 Peak Acceleration Prediction 
6.2.1 Prediction Method 
The mode m response at equipment location e due to a single footstep at location s 
is approximately an impulse response with initial peak acceleration computed using Eq. 
6.1 (approximately the initial peak velocity multiplied by 2πfn,m), followed by decay at 
the natural frequency, fn,m, as shown in Eq. 6.2.  The total response to one footstep is the 
superposition of all modal responses as shown in Eq. 6.3. 
apeak,m,e,s = 2πfn, mφm,eφm,sIm  Eq. 6.1 
am (t) = apeak,m,e,se−ζm 2πfn,mt sin 2πfn,mt( )  Eq. 6.2 
a t( ) = am (t)
m=1
Nmodes
∑
 
Eq. 6.3 
where  
 fn,m = mth mode natural frequency 
 em,φ , sm,φ  = m
th mode mass-normalized mode shape amplitude at the equipment 
and footstep location, respectively 
 Im = effective impulse referred to mode m 
 ζm = mth mode damping ratio 
 Nmodes = number of modes 
The effective impulse is a mathematical representation of human footstep forces.  
The quotient of the effective impulse and the modal mass (or equivalently, the product of 
the effective impulse and the mass-normalized mode shape amplitudes as shown in Eq. 
6.1) is the peak velocity due to mode m just after a human footstep, thus the term 
“effective impulse.”  The effective impulse, Im, is computed using Eq. 6.4, which is 
adopted from the effective impulse developed by Young and Willford (unpublished data, 
2001).  
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I = fstep
1.43
fn1.30
Q
17.8  
Eq. 6.4 
where Q is the bodyweight and taken as 168 lbf. 
Theoretically, the total response is the superposition of responses from all the 
natural modes. However, most energy introduced by walking is between 1 and 20 Hz so 
modes above 20 Hz are not likely to be excited. Thus, only the contribution from modes 
below 20 Hz is considered. 
6.2.2 Comparisons of Measured and Predicted Peak Accelerations 
Natural frequencies and mass normalized mode shape amplitude were predicted 
by finite element analysis (Chapter 4) on five high frequency floor bays (CMC3, CMC4, 
CHS405, CHS403 and OHR).  In this research the maximum mode shape amplitudes of 
the five bays are all at mid-bay thus the maximum response happened at mid-bay when 
pedestrian excitation is at mid-bay also. Maximum mode shape amplitudes were 
substituted into Eq. 6.1 through Eq. 6.3 and predicted responses were compared with 
maximum peak accelerations measured at mid-bay. The comparisons are used to assess 
the prediction accuracy and precision and to establish a calibration factor.    An example 
comparison (CMC3 125 Steps / min.) is shown in Figure 6.2, in which thin continuous 
lines show responses due to each mode (Eq. 6.2) and the thick continuous line shows 
total response given by the superposition. The thick dashed line shows the measured 
response. 
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Figure 6.2 Example Comparison of Measurements and Prediction 
Table 6.1 through Table 6.19 show the predicted peak accelerations for the five 
high frequency floor bays. Note that the predicted peak acceleration is for average walker 
weight of 168 lb. The average measured-to-predicted ratio for the five bays was 
summarized in Table 6.20. 
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Table 6.1 CMC3 Predicted Peak Acceleration at 100 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
9.45 0.0171 1.057 0.005 
0.323 
9.58 0.0805 1.039 0.105 
9.61 0.0137 1.034 0.003 
10.02 0.0711 0.980 0.081 
10.07 0.0819 0.973 0.107 
10.11 0.0209 0.968 0.007 
10.88 0.0163 0.880 0.004 
11.17 0.0198 0.851 0.006 
11.46 0.0278 0.822 0.012 
15.37 0.0297 0.562 0.012 
17.81 0.0182 0.464 0.004 
18.03 0.0189 0.456 0.005 
18.76 0.0212 0.434 0.006 
18.99 0.0242 0.427 0.008 
 
Table 6.2 CMC3 Predicted Peak Acceleration at 110 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
9.45 0.0171 1.211 0.005 
0.371 
9.58 0.0805 1.191 0.120 
9.61 0.0137 1.185 0.004 
10.02 0.0711 1.123 0.093 
10.07 0.0819 1.115 0.123 
10.11 0.0209 1.110 0.008 
10.88 0.0163 1.009 0.005 
11.17 0.0198 0.975 0.007 
11.46 0.0278 0.943 0.014 
15.37 0.0297 0.644 0.014 
17.81 0.0182 0.532 0.005 
18.03 0.0189 0.523 0.005 
18.76 0.0212 0.497 0.007 
18.99 0.0242 0.489 0.009 
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Table 6.3 CMC3 Predicted Peak Acceleration at 125 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
9.45 0.0171 1.454 0.007 
0.445 
9.58 0.0805 1.430 0.145 
9.61 0.0137 1.423 0.004 
10.02 0.0711 1.348 0.111 
10.07 0.0819 1.339 0.147 
10.11 0.0209 1.332 0.010 
10.88 0.0163 1.211 0.006 
11.17 0.0198 1.171 0.008 
11.46 0.0278 1.132 0.016 
15.37 0.0297 0.773 0.017 
17.81 0.0182 0.638 0.006 
18.03 0.0189 0.628 0.007 
18.76 0.0212 0.597 0.008 
18.99 0.0242 0.587 0.011 
 
Table 6.4  CMC4 Predicted Peak Acceleration at 100 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
10.64 0.02471 0.906 0.010 
0.213 
10.94 0.0217 0.874 0.007 
10.97 0.019 0.871 0.006 
11.01 0.0169 0.866 0.004 
11.17 0.0271 0.851 0.011 
11.45 0.0256 0.823 0.010 
11.66 0.0829 0.804 0.105 
11.93 0.0673 0.781 0.069 
14.68 0.0140 0.597 0.003 
16.57 0.0141 0.510 0.003 
18.45 0.0163 0.443 0.004 
19.54 0.0158 0.411 0.003 
19.84 0.0184 0.403 0.004 
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Table 6.5  CMC4 Predicted Peak Acceleration at 110 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
10.64 0.02471 1.038 0.011 
0.242 
10.94 0.0217 1.001 0.008 
10.97 0.019 0.998 0.006 
11.01 0.0169 0.993 0.005 
11.17 0.0271 0.975 0.013 
11.45 0.0256 0.944 0.011 
11.66 0.0829 0.922 0.120 
11.93 0.0673 0.895 0.079 
14.68 0.0140 0.684 0.003 
16.57 0.0141 0.584 0.003 
18.45 0.0163 0.508 0.004 
19.54 0.0158 0.471 0.004 
19.84 0.0184 0.462 0.005 
 
Table 6.6  CMC4 Predicted Peak Acceleration at 120 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
10.64 0.02471 1.175 0.012 
0.276 
10.94 0.0217 1.134 0.009 
10.97 0.019 1.130 0.007 
11.01 0.0169 1.125 0.006 
11.17 0.0271 1.104 0.015 
11.45 0.0256 1.069 0.013 
11.66 0.0829 1.044 0.136 
11.93 0.0673 1.014 0.089 
14.68 0.0140 0.774 0.004 
16.57 0.0141 0.661 0.004 
18.45 0.0163 0.575 0.005 
19.54 0.0158 0.534 0.004 
19.84 0.0184 0.523 0.006 
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Table 6.7  CHS405 Predicted Peak Acceleration at 100 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
10.19 0.0866 0.958 0.119 
0.275 
10.35 0.0552 0.940 0.048 
10.52 0.0360 0.919 0.020 
10.60 0.0229 0.910 0.008 
10.78 0.0353 0.891 0.019 
11.32 0.0244 0.836 0.009 
11.54 0.0319 0.816 0.016 
12.16 0.0202 0.762 0.006 
13.41 0.0414 0.670 0.025 
15.26 0.0207 0.567 0.006 
15.36 0.0214 0.562 0.006 
18.15 0.0232 0.452 0.007 
19.25 0.0311 0.419 0.013 
19.28 0.0212 0.418 0.006 
19.64 0.0213 0.408 0.006 
 
Table 6.8  CHS405 Predicted Peak Acceleration at 110 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
10.19 0.0866 1.098 0.137 
0.316 
10.35 0.0552 1.077 0.055 
10.52 0.0360 1.054 0.023 
10.60 0.0229 1.043 0.009 
10.78 0.0353 1.021 0.022 
11.32 0.0244 0.958 0.010 
11.54 0.0319 0.935 0.018 
12.16 0.0202 0.873 0.007 
13.41 0.0414 0.768 0.029 
15.26 0.0207 0.650 0.007 
15.36 0.0214 0.644 0.007 
18.15 0.0232 0.519 0.008 
19.25 0.0311 0.480 0.015 
19.28 0.0212 0.479 0.007 
19.64 0.0213 0.468 0.007 
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Table 6.9  CHS405 Predicted Peak Acceleration at 120 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
10.19 0.0866 1.243 0.155 
0.359 
10.35 0.0552 1.219 0.063 
10.52 0.0360 1.193 0.026 
10.60 0.0229 1.181 0.011 
10.78 0.0353 1.156 0.025 
11.32 0.0244 1.085 0.012 
11.54 0.0319 1.058 0.020 
12.16 0.0202 0.989 0.008 
13.41 0.0414 0.870 0.033 
15.26 0.0207 0.736 0.008 
15.36 0.0214 0.730 0.008 
18.15 0.0232 0.587 0.009 
19.25 0.0311 0.544 0.016 
19.28 0.0212 0.543 0.008 
19.64 0.0213 0.530 0.008 
 
Table 6.10  CHS405 Predicted Peak Acceleration at 125 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
10.19 0.0866 1.318 0.164 
0.378 
10.35 0.0552 1.293 0.066 
10.52 0.0360 1.265 0.028 
10.60 0.0229 1.252 0.011 
10.78 0.0353 1.226 0.027 
11.32 0.0244 1.150 0.013 
11.54 0.0319 1.122 0.021 
12.16 0.0202 1.048 0.008 
13.41 0.0414 0.923 0.034 
15.26 0.0207 0.780 0.008 
15.36 0.0214 0.773 0.009 
18.15 0.0232 0.623 0.010 
19.25 0.0311 0.577 0.017 
19.28 0.0212 0.576 0.008 
19.64 0.0213 0.562 0.008 
 
 
  
155 
Table 6.11  CHS405 Predicted Peak Acceleration at 130 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
10.19 0.0866 1.394 0.174 
0.402 
10.35 0.0552 1.367 0.070 
10.52 0.0360 1.338 0.030 
10.60 0.0229 1.325 0.012 
10.78 0.0353 1.296 0.028 
11.32 0.0244 1.216 0.013 
11.54 0.0319 1.187 0.023 
12.16 0.0202 1.109 0.009 
13.41 0.0414 0.976 0.036 
15.26 0.0207 0.826 0.009 
15.36 0.0214 0.818 0.009 
18.15 0.0232 0.658 0.010 
19.25 0.0311 0.610 0.018 
19.28 0.0212 0.609 0.009 
19.64 0.0213 0.594 0.009 
 
Table 6.12  CHS403 Predicted Peak Acceleration at 90 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
10.02 0.0130 0.843 0.002 
0.306 
10.18 0.0253 0.826 0.009 
10.32 0.0413 0.811 0.023 
10.51 0.0487 0.792 0.032 
10.56 0.0706 0.787 0.067 
10.68 0.108 0.776 0.156 
10.79 0.0437 0.765 0.026 
10.89 0.0280 0.757 0.010 
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Table 6.13  CHS403 Predicted Peak Acceleration at 100 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
10.02 0.0130 0.980 0.003 
0.356 
10.18 0.0253 0.960 0.010 
10.32 0.0413 0.943 0.027 
10.51 0.0487 0.921 0.037 
10.56 0.0706 0.915 0.078 
10.68 0.108 0.902 0.182 
10.79 0.0437 0.889 0.030 
10.89 0.0280 0.880 0.012 
Table 6.14  CHS403 Predicted Peak Acceleration at 110 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
10.02 0.0130 1.123 0.003 
0.408 
10.18 0.0253 1.100 0.012 
10.32 0.0413 1.081 0.031 
10.51 0.0487 1.055 0.043 
10.56 0.0706 1.049 0.090 
10.68 0.108 1.034 0.208 
10.79 0.0437 1.019 0.034 
10.89 0.0280 1.008 0.014 
Table 6.15  CHS403 Predicted Peak Acceleration at 120 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
10.02 0.0130 1.272 0.003 
0.462 
10.18 0.0253 1.246 0.013 
10.32 0.0413 1.224 0.035 
10.51 0.0487 1.195 0.048 
10.56 0.0706 1.187 0.102 
10.68 0.108 1.170 0.236 
10.79 0.0437 1.154 0.039 
10.89 0.0280 1.142 0.016 
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Table 6.16  CHS403 Predicted Peak Acceleration at 130 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
10.02 0.0130 1.426 0.004 
0.518 
10.18 0.0253 1.397 0.015 
10.32 0.0413 1.372 0.039 
10.51 0.0487 1.340 0.054 
10.56 0.0706 1.311 0.114 
10.68 0.108 1.312 0.264 
10.79 0.0437 1.294 0.043 
10.89 0.0280 1.280 0.018 
Table 6.17  OHR Predicted Peak Acceleration at 75 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
13.01 0.0609 0.462 0.036 
0.105 
13.04 0.0739 0.461 0.053 
13.08 0.0323 0.459 0.010 
18.65 0.0237 0.289 0.005 
19.57 0.0275 0.272 0.007 
19.76 0.0243 0.269 0.005 
Table 6.18  OHR Predicted Peak Acceleration at 100 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
13.01 0.0609 0.697 0.055 
0.159 
13.04 0.0739 0.696 0.081 
13.08 0.0323 0.693 0.015 
18.65 0.0237 0.437 0.007 
19.57 0.0275 0.410 0.010 
19.76 0.0243 0.405 0.008 
 
 
 
 
  
158 
Table 6.19  OHR Predicted Peak Acceleration at 125 Steps / Min. 
Natural Modes Im 
(lbf-s.) 
Peak Acceleration 
Due to Each Mode  
(apeak, m, e, s, %g) 
Peak 
Acceleration 
(% g) fn,m (Hz) Φmax 
13.01 0.0609 0.960 0.075 
0.219 
13.04 0.0739 0.957 0.111 
13.08 0.0323 0.953 0.021 
18.65 0.0237 0.601 0.010 
19.57 0.0275 0.565 0.014 
19.76 0.0243 0.558 0.011 
A summary of comparisons is shown in Table 6.20.  The equation, which is 
uncalibrated, slightly under-predicted the peak acceleration, with an average measured-
to-predicted ratio of 1.03 and the predictions are fairly precise with a COV of only 25.3%.  
Table 6.20  Summary of Impulse Response Comparisons 
Floor fstep Meas. 1Pred. 
Mean (Meas. 
/ Pred.) 
COV (Meas. / 
Pred.) 
CMC3 
100 0.262 0.298 
0.88 20.2 % 110 0.285 0.398 
125 0.375 0.411 
CMC4 
100 0.188 0.212 
1.01 33.0 % 110 0.241 0.223 
120 0.256 0.279 
CHS405 
100 0.266 0.237 
1.06 15.2 % 
110 0.338 0.273 
120 0.340 0.310 
125 0.241 0.304 
130 0.332 0.347 
CHS403 
90 0.279 0.264 
1.12 10.5% 
100 0.357 0.307 
110 0.397 0.352 
120 0.445 0.399 
130 0.653 0.447 
OHR3 
75 0.128 0.088 
1.02 29.2 % 100 0.117 0.133 
125 0.176 0.182 
All Bays    1.03 25.3% 
     1Prediction using actual walker weight 
The CHS403 has less conservative result than other bays. A possible reason is as 
mentioned in Chapter 4 that boundary conditions along the edge of floor are difficult to 
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model accurately.  CHS403 is on the corner of the floor thus is affected more by the 
boundary conditions than inner bays. Figure 6.3 shows the measurement over prediction 
ratio for floor fundamental frequencies and different walking speeds.  It can be seen the 
performance of the proposed method is consistent across the range of walking speed and 
natural frequencies.  
  
(a) M. / P. Ratio Over Natural Frequency (b) M. / P. Ratio Over Walking Frequency 
Figure 6.3 Meas./Pred. Ratios for Various Floor Dynamic Properties 
A calibration factor is needed such that there is about a 10% probability that the 
actual response will exceed the prediction.  In this research it is assumed that prediction 
over measurement ratios follow normal distribution and the calibration factor is taken as 
the 90th percentile value of the measurement over prediction ratios.  Therefore, the 
recommended calibrated design equation is 
UCpeakpeak Raa ,=  Eq. 6.5 
where apeak,UC  is the maximum absolute value in the waveform computed using Eq. 6.3 
and calibration factor is 1.5. 
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6.3 Narrow Band Spectral Acceleration 
6.3.1 Prediction Method 
The time history waveform of the entire walking event can be constructed by 
appending the response due to each footstep (Eq. 6.3). The predicted waveform (Figure 
6.4b) is discretely sampled at a constant sampling period, Ts, and transformed to narrow 
band spectrum by the fast Fourier transform (FFT) algorithm.  FFT capabilities are 
available in many modern commercially available programs such as MATLAB (used in 
this research), Mathcad and Microsoft Excel. 
  
(a) Measured Time History Waveform (b) Constructed Time History Waveform 
Figure 6.4 Time History Waveform Prediction of Walking Event 
The sampling frequency (fs=1/Ts, in Hz) should meet the requirement of the 
Nyquist-Shannon sampling theorem, which states that fs must not be less than 2B, where 
B is upper limit of the spectrum to be computed. For pedestrian–induced HFF vibration, a 
spectrum with a maximum frequency, B = 20 Hz, is usually required, so the sampling 
frequency, fs, should be at least 40 Hz (fs  > 40 Hz).  Thus, the sampling period should be 
no greater than 0.025 second.  In this research a sampling frequency of 500 Hz is used. 
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The FFT algorithm produces the real and imaginary acceleration responses at 
each frequency.  For the purposes of floor vibration evaluation, the real and imaginary 
acceleration between 0 and 20 Hz (0.05 Hz frequency resolution) are combined using the 
square root of sum of squares method to obtain the spectral acceleration magnitude (AFFT) 
at each frequency.   
The constructed walking event (Figure 6.4b) differs from the actual walking event 
(Figure 6.4a) in two ways.  The constructed walking event contains identical footsteps, 
except for different peak acceleration at each step, at a constant step frequency.  However, 
actual footstep forces are not identical, nor are they perfectly repeated, so energy is 
leaked into adjacent frequencies.  This leakage results in reduced response compared with 
the prediction using a perfect pedestrian model.  Thus, the imperfect footsteps reduction 
factor RI = 0.6 is recommended based on research by Brownjohn et al. (2004).  The 
uncalibrated narrow band spectrum magnitude is given by Eq. 6.6. 
FFTIUCWNB ARA =,,  Eq. 6.6 
where AFFT is the narrow band spectrum maximum magnitude of constructed walking 
event. 
6.3.2 Comparisons of Measured and Predicted Narrow Band Spectrum 
Magnitudes 
Predicted narrow band spectrum peak magnitude for the five high frequency floor 
bays are shown by Table 6.21 through Table 6.25.  Measured spectral acceleration 
magnitudes and Eq. 6.6 predictions were compared to assess the prediction accuracy and 
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precision and to establish a calibration factor.  A summary of comparisons is shown in 
Table 6.26.   
Table 6.21  CMC3 Predicted Narrow Band Peak Responses 
Step Freq. ANB,W,UC 
bpm %g 
100 0.0183 
110 0.0173 
125 0.0208 
Table 6.22  CMC4 Predicted Narrow Band Peak Responses 
Step Freq. ANB,W,UC 
bpm %g 
100 0.00793 
110 0.00813 
120 0.00957 
Table 6.23  CHS405 Predicted Narrow Band Peak Responses 
Step Freq. ANB,W,UC 
bpm %g 
100 0.0131 
110 0.0112 
120 0.0161 
125 0.0168 
130 0.0156 
Table 6.24  CHS403 Predicted Narrow Band Peak Responses 
Step Freq. ANB,W,UC 
bpm %g 
90 0.0222 
100 0.0212 
110 0.0256 
120 0.0268 
130 0.0317 
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Table 6.25  OHR Predicted Narrow Band Peak Responses 
Step Freq. ANB,W,UC 
bpm %g 
75 0.00490 
100 0.00765 
125 0.00976 
Table 6.26  Summary of Comparisons 
Floor fstep Meas. 1Pred. 
Mean (Meas. 
/ Pred.) 
COV (Meas. 
/ Pred.) 
CMC3 
100 0.0114 0.0172 
0.91 41.4% 110 0.0150 0.0188 
125 0.0225 0.0194 
CMC4 
100 0.00706 0.00887 
0.99 25.0% 110 0.00919 0.00852 
120 0.0104 0.0105 
CHS405 
100 0.00945 0.01171 
0.97 23.0% 
110 0.01198 0.01009 
120 0.01386 0.01422 
125 0.01107 0.01383 
130 0.01478 0.01379 
CHS403 
90 0.0159 0.0194 
1.11 20.4% 
100 0.0242 0.0185 
110 0.0226 0.0223 
120 0.0274 0.0233 
130 0.0400 0.0274 
OHR3 
75 0.00458 0.00605 
0.625 29.9% 100 0.00432 0.00793 
125 0.00704 0.0109 
All Bays    0.919 34.2% 
     1Prediction using actual walker weight 
Figure 6.5 shows the measurement over prediction ratio for different walking 
speeds and floor dominate frequencies. 
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Figure 6.5 Meas./Pred. Ratios for Various Floor Dynamic Properties 
The uncalibrated equation accurately predicted the response, with an average 
measured-to-predicted ratio of 0.919.  Based on comparisons of measured and predicted 
responses, a calibration factor, R = 1.3, results in a 10% probability that the actual 
response will exceed the prediction.  The calibrated prediction of response to walking is 
shown in Equation 6.7. 
ANB = RANB,UC  Eq. 6.7 
6.4 One Third Octave Spectral Velocity 
6.4.1 Prediction Method 
The generic tolerance limits are given in terms of one-third octave spectral 
velocities in AISC DG11 and also by some sensitive equipment manufacturers.  The 
narrow band spectrum has constant bandwidth equal to the frequency resolution of the 
spectrum. In a one third octave spectrum the width of each frequency band is a fixed 
percentage (23%) of the band center frequency. The lower band limit, center frequency 
and higher band limit of one third octave band are shown in Table 6.27. In the context of 
  
(a) M. / P. Ratio Over Natural Frequency (b) M. / P. Ratio Over Step Frequency 
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response prediction of floor vibration, the one third octave bands are much broader than 
constant bands in the narrowband spectrum. 
Table 6.27  One Third Octave Band Limits 
Third Octave 
Band No. 
Lower Band Limit 
(Hz) 
Center Freq.  
(Hz) 
Higher Band Limit  
(Hz) 
6 3.55 4 4.47 
7 4.47 5 5.62 
8 5.62 6.3 7.08 
9 7.08 8 8.91 
10 8.91 10 11.2 
11 11.2 12.5 14.1 
12 14.1 16 17.8 
13 17.8 20 22.4 
The one third octave band spectrum is obtained by bandwidth conversion from 
narrow band spectrum. The concept behind bandwidth conversion is that a signal should 
maintain the same energy regardless of whether it is measured in constant band spectrum 
or one third octave band spectrum.  
The energy of a signal is represented in energy spectrum density (ESD), which is 
the energy of a signal per unit frequency.  The vibrational energy of a system in steady-
state single sinusoidal motion is proportional to the square of the displacement, velocity, 
or acceleration amplitude.  This fact is confirmed by evaluating the maximum potential or 
kinetic energy of a single degree of freedom system.  Thus, the floor vibrational energy in 
the narrow (approaching the representation of a single sinusoid) bandwidth Δf, at center 
frequency f, is proportional to the square of the narrowband spectral velocity magnitude V 
( f ), as shown in the following equation. 
( )2)( fVfENB =  Eq. 6.8 
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The energy spectral density (ESD) in the narrow bandwidth at f is 
( ) ( ) ffVfESD Δ= /2  Eq. 6.9 
The vibrational energy due to all individual sinusoids within a one-third octave 
band is the area under the ESD curve within that band.  The ESD area is used, rather than 
summing the energy in each narrow band; because the lowest and highest narrow bands 
usually overlap the boundaries of the one-third octave band.  When the frequency 
resolution is very small compared to the bandwidth, this overlap effect can be neglected 
and the magnitude of one third octave band spectrum can be obtained by  
E1/3 = ESD( fc )Δf
f1
f2
∑
 
Eq. 6.10 
where f1 and f2 are the start and end frequency of one third octave band, fc and Δf are the 
center frequency and frequency resolution of the narrow band spectrum. 
The reasoning used to develop Eq. 6.8 is used to determine the amplitude of a 
sinusoid with energy equal to the one-third octave vibrational energy.  This value, the 
one-third octave spectral acceleration magnitude, is given by Eq. 6.11.   
V1/3,UC = E1/3  Eq. 6.11 
The UC subscript indicates this value is uncalibrated; a calibrated version appears later in 
this section.   
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6.4.2 Comparisons of Measured and Predicted One Third Octave Spectral 
Velocity 
Predicted one third octave velocities are summarized in Table 6.28 through Table 
6.32. Measurements and predictions were compared to assess the prediction accuracy and 
precision and to establish a calibration factor.  A summary of comparisons is shown in 
Table 6.33.  The uncalibrated equation slightly over-predicted the response, with an 
average measured-to-predicted ratio of 0.75. The conservatism is explained by the fact 
that (1) V1/3;UC is directly proportional to ANB;UC, which has a measured-to-predicted ratio 
of 0.92, (2) the inaccurate prediction of the magnitudes between the harmonics. 
Table 6.28 CMC3 Predicted 1/3 Octave Spectrum Maximum Magnitudes 
Step Freq. 1/3 Octave Max. Mag. 
(bpm) (µ in. / sec.) (µm / sec.) 
100 3642 92.5 
110 4496 114.2 
125 4445 112.9 
Table 6.29  CMC4 Predicted 1/3 Octave Spectrum Maximum Magnitudes 
Step Freq. 1/3 Octave Max. Mag. 
(Hz) (µ in. / sec.) (µm / sec.) 
100 1512 38.4 
110 1825 46.4 
120 1877 47.7 
Table 6.30  CHS405 Predicted 1/3 Octave Spectrum Maximum Magnitudes 
Step Freq. 1/3 Octave Max. Mag. 
(Hz) (µ in. / sec.) (µm / sec.) 
100 2605 66.2 
110 3034 77.1 
120 3505 89.0 
125 3600 91.4 
130 3312 84.1 
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Table 6.31  CHS403 Predicted 1/3 Octave Spectrum Maximum Magnitudes 
Step Freq. 1/3 Octave Max. Mag. 
(Hz) (µ in. / sec.) (µm / sec.) 
90 4035 102.4 
100 4031 102.3 
110 5260 133.5 
120 5587 141.8 
130 6422 163.0 
Table 6.32  OHR Predicted 1/3 Octave Spectrum Maximum Magnitudes 
Step Freq. 1/3 Octave Max. Mag. 
(Hz) (µ in. / sec.) (µm / sec.) 
75 871 22.1 
100 1318 33.5 
125 1735 44.1 
Table 6.33  Summary of Comparisons 
Bay fstep Meas. Pred. Mean (Meas. / Pred.) 
COV (Meas. 
/ Pred.) (bpm) (mips) (mips) 
CMC3 
100 2028 3360 
0.70 27.8% 110 2710 4817 
125 3435 4101 
CMC4 
100 1235 1508 
0.90 23.3% 110 1587 1687 
120 1633 1902 
CHS405 
100 1575 2250 
0.754 13.0% 
110 2245 2612 
120 2263 3027 
125 1742 2895 
130 2414 2861 
CHS403 
90 2647 3482 
0.94 17.5% 
100 3851 3479 
110 3863 4540 
120 4561 4822 
130 6251 5543 
OHR 
75 611 960 
0.50 23.6% 100 592 1303 
125 882 1861 
All Bays 0.75 30.3% 
Figure 6.6 show the measurement over prediction ratio for different walking 
speeds, floor dominant frequencies. 
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(a) M. / P. Ratio Over Natural Frequency (b) M. / P. Ratio Over Step Frequencies 
Figure 6.6 Meas./Pred. Ratios for Various Floor Dynamic Properties 
A calibration factor is needed for the prediction method so that the probability 
that the actual value will exceed the predicted value is 10%. Based on the measurement to 
prediction ratio on the five bays, a calibration factor R = 1.0 is recommended for the 
prediction of one-third octave band spectrum magnitude. 
V1/3 =V1/3,UC  Eq. 6.12 
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CHAPTER 7  
MANUAL PREDICTION OF IMPULSE RESPONSE 
As described in Chapter 6, the predicted time history peak response can be used to 
construct a series of footstep responses, which is discrete Fourier transformed to a 
narrowband spectrum for comparison with narrowband spectral acceleration limits and 
bandwidth converted to one-third octave velocity spectrum for comparison with generic 
tolerance limits.  However, Fourier transforms and bandwidth conversions are not 
practical for routine design use, thus a manual calculation method is needed. 
The objective in this chapter is to develop a practical manual prediction method for 
the response to walking on steel-framed floors in the following forms that are directly 
comparable to tolerance limits (1) waveform peak acceleration, (2) narrowband spectral 
acceleration magnitude, and (3) one-third octave spectral velocity magnitude.  
7.1 Waveform Peak Acceleration Prediction 
As described in Chapter 6, the mode m response at equipment location e due to a 
single footstep at location s is approximately an impulse response, and the total response 
is the superposition of the contribution of each mode.  When finite element analysis is not 
feasible, the peak acceleration response to one footstep is approximated by Eq. 7.1, which 
is the product of the fundamental modal response from Eq. 6.1 and a higher mode 
adjustment factor, RM.  The UC subscript indicates the equation is not calibrated for 
design use.  The calibrated version appears at the end of this section. 
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apeak,UC = 2πfnRMφeφsI  Eq. 7.1 
where  
fn = fundamental natural frequency 
eφ  = fundamental mode mass-normalized mode shape value at the equipment  
sφ  = fundamental mode mass-normalized mode shape value at the footstep 
(usually the maximum mode shape amplitude along the walking path) 
I = effective impulse referred to the fundamental mode 
The RM factor is the ratio of the fundamental modal response to the response due 
to all modes up to 20 Hz.  The mean value of RM for 43 steel-framed bays studied in this 
research is 2.27.  For simplicity, the adjustment factor RM = 2 is recommend. 
The fundamental natural frequency, fn, is the minimum of the beam mode natural 
frequency, fnb, and girder mode natural frequency, fng, computed using the methods in 
Chapter 5. Fundamental mode shape is given by Eq. 5.2 for beam mode and Eq. 5.9 for 
girder mode, and the maximum mass-normalized mode shape amplitude at mid-bay is 
given by Eq. 5.22 (repeated for convenience) where M1 is the modal mass that associate 
with the unity-normalized mode shape function. By assuming the half-sine wave mode 
shape in girder or beam direction, M1 is half the DG11 Chapter 4 combined mode 
equivalent panel weight, W, divided by gravitational acceleration (g), or in equation form, 
M = W / (2g). Therefore, the uncalibrated peak acceleration at mid-bay due to a footstep 
at mid-bay—the worst case scenario—is computed using Eq. 7.2.  Note that the natural 
frequency, mass, and mode shape amplitude can be computed using other rational 
methods. 
φmax =
1
M1  
Eq. 5.22 
apeak,UC = 2πfnRM (φmax )2 I = 2πfnRM
I
M1  
Eq. 7.2 
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Often, equipment, footstep, or both, are away from mid-bay.  For those cases, the 
mass normalized mode shape amplitudes at the equipment, φe, and footstep, φs, are 
computed using Eq. 7.3 and the uncalibrated acceleration is computed using Eq. 7.1. 
  
φ =
1
M1
sin 12 −
d
L
#
$
%
&
'
(π
 
Eq. 7.3 
where L and d are the distances shown in Figure 7.1(a) if fn = fnb or Figure 7.1(b) if fn = fng. 
 
 
(a) Beam mode (b) Girder mode 
Figure 7.1  Distances Used to Define Equipment and Footstep Locations 
Measured waveform peak accelerations and Eq. 7.2 predictions were compared to 
assess the prediction accuracy and precision and to establish a calibration factor.  The 
fundamental frequencies were computed by using the method proposed in Chapter 5 for 
CMC3, CMC4, CHS405 and CHS403.  A summary of comparisons is shown in Table 7.5.  
The uncalibrated equation accurately predicted the response, with an average measured-
to-predicted ratio of 0.95 and the predictions are fairly precise with a COV of 25%.   
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Table 7.1 CMC3 Predicted Waveform Peak Acceleration 
Step Freq. 
(bpm) 
Natural Freq. 
(Hz) 
Effective Mass 
(lbf sec.2 / in.) 
Effective Impulse 
(lbf sec.) 
Peak 
Acceleration 
(%g) 
100 
10.0 205 
0.98 0.312 
110 1.13 0.358 
125 1.35 0.430 
Table 7.2 CMC4 Predicted Peak Acceleration in Time Domain 
Step Freq. 
(bpm) 
Natural Freq. 
(Hz) 
Effective Mass 
(lbf sec.2 / in.) 
Effective Impulse 
(lbf sec.) 
Peak 
Acceleration 
(%g) 
100 
10.7 205 
0.899 0.306 
110 1.031 0.351 
120 1.167 0.397 
Table 7.3 CHS405 Predicted Peak Acceleration in Time Domain 
Step Freq. 
(bpm) 
Natural Freq. 
(Hz) 
Effective Mass 
(lbf sec.2 / in) 
Effective Impulse 
(lbf sec.) 
Peak 
Acceleration 
(%g) 
100 
10.5 223 
0.922 0.283 
110 1.06 0.324 
120 1.20 0.367 
125 1.27 0.390 
130 1.34 0.412 
Table 7.4 CHS403 Predicted Peak Acceleration in Time Domain 
Step Freq. 
(bpm) 
Natural Freq. 
(Hz) 
Effective Mass 
(lbf sec.2 / in) 
Effective impulse 
(lbf sec.) 
Peak 
Acceleration 
(%g) 
90 
10.6 166 
0.783 0.325 
100 0.910 0.378 
110 1.043 0.434 
120 1.182 0.491 
130 1.325 0.551 
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Table 7.5 Summary of Comparisons 
Floor fstep Meas. 1Pred. 
Mean (Meas. / 
Pred.) 
COV (Meas. 
/ Pred.) 
CMC3 
100 0.262 0.293 
0.892 20% 110 0.285 0.390 
125 0.375 0.403 
CMC4 
100 0.188 0.305 
0.698 33% 110 0.241 0.324 
120 0.256 0.402 
CHS405 
100 0.266 0.244 
1.034 15% 
110 0.338 0.280 
120 0.340 0.317 
125 0.241 0.313 
130 0.332 0.356 
CHS403 
90 0.279 0.281 
1.117 9.9% 
100 0.357 0.326 
110 0.397 0.375 
120 0.445 0.424 
130 0.653 0.476 
All Bays    0.95 25.0% 
     1Prediction based on actual walker weight 
Figure 7.2 shows the measurement over prediction ratio for different walking 
speeds and floor dominant frequencies.  It can be seen the performance of the proposed 
method is consistent across the range of walking speed and natural frequencies.  
  
(a) M. / P. Ratio Over Natural Frequencies (b) M. / P. Ratio Over Walking Speeds 
Figure 7.2 Meas./Pred. Ratios for Various Floor Dynamic Properties 
Based on all comparisons of measured and predicted responses, a calibration 
factor, R = 1.3, results in a 10% probability that the actual response will exceed the 
prediction.  Therefore, the recommended calibrated design equation is Eq. 7.4, where 
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UCpeaka ,  is computed as described above, using Eq. 7.2 for equipment and footstep at mid-
bay, or Eq. 7.1 and Eq. 7.3 for cases with equipment, footstep, or both, away from mid-
bay.   
apeak = Rapeak,UC  Eq. 7.4 
7.2 Narrowband Spectral Acceleration  
Figure 7.2 shows an example of measured narrowband spectrum of a bay with 
fundamental frequency at 10.0 Hz and subject to 2.11 Hz walking.   The narrowband 
spectral acceleration is usually a series of approximately triangular peaks at the 
harmonics of step frequency (2.15, 4.20, 6.35, 8.45 and 10.55 Hz) and small 
contributions elsewhere.   The maximum magnitude is at the harmonic closest to floor 
fundamental frequency.  Adjacent magnitudes are substantially less.  The width of each 
peak is approximately 10% of the harmonic frequency (Brownjohn et al. 2004). 
 
Figure 7.3 Example narrowband acceleration spectrum 
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As described in Chapter 6, the narrowband spectrum can be computed by discrete 
Fourier transformation of the time history waveform, but this operation is impractical for 
typical structural engineering office usage. In the following, a set of practical equations 
for the maximum narrowband spectral acceleration magnitudes was developed by 
computing the analytical Fourier transformation of an idealized walking event with 
repeating identical footstep responses and then adjusting the result for walker 
imperfection, walking event duration, and footstep location.   
As described in Section 7.1, the response to one footstep is approximated by an 
initial peak acceleration, apeak,UC, followed by decay as shown in Eq. 7.5.  An idealized 
walking event, shown in Figure 7.4, is then constructed by appending footstep responses 
periodically at Tstep = 1 / fstep, where fstep is the step frequency. 
a(t) = apeak,UCe−ζ2πfnt sin 2πfnt( )  Eq. 7.5 
 
 
Figure 7.4  Idealized Walking Event 
Fourier transformation of a footstep response of duration Tstep results in the 
idealized walking event spectral acceleration at the step frequency and positive integer 
multiples of the step frequency, i.e., at h fstep, where h is the harmonic number.  The hth 
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harmonic real and imaginary spectral accelerations (peak amplitudes) are the analytical 
Fourier transformations of a(t) shown in Equation 7.6 and 7.7, respectively.  The hth 
harmonic magnitude is computed using Equation 7.8. 
ah =
ωo
π
a t( )cos hωot( )dt0
2π/ωo∫
 
Eq. 7.6 
 
bh =
ωo
π
a t( )sin hωot( )dt0
2π/ωo∫
 
Eq. 7.7 
Ah = ah2 + bh2  Eq. 7.8 
where stepo T/2π=ω  and h = 1, 2, 3,… 
Let H be the number of the harmonic with frequency closest to the fundamental 
frequency, i.e., H = nint (fn / fstep), where nint is the nearest integer function. It can be 
shown that the Hth harmonic has the maximum magnitude, i.e. the narrow band spectrum 
has maximum maginitude at the harmonic with frequency closest to floor fundamental 
frequency. 
When h ≠ H, Eq. 7.6 and Eq. 7.7 result in the following real and imaginary 
spectral accelerations, ah and bh. 
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ah =
apeak,UC
2π
α− exp(−2πζH ) αcos 2πα( )+ ζH sin 2πα( )%& '(
α2
)
*
+
,+
+
β− exp(−2πζH ) βcos 2πβ( )+ ζH sin 2πβ( )%& '(
β2
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Eq. 7.9 
bh = apeak,UC
2hζH 2
π
1− h
2 −H 2
2ζH 2
$
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'
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-
.
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2
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Eq. 7.10 
where 
 
H = nint fn fstep( )  Eq. 7.11 
α = H 1−ζ2 + h
β = H 1−ζ2 − h  
Eq. 7.12 
Substituting the real and imaginary coefficients from Eq. 7.11 and Eq. 7.12 into 
Eq. 7.8 gives the spectral magnitude at harmonic with harmonic number h not equal to H 
(2.15, 4.20, 6.35, 8.45, 12.6 and 14.75 Hz peak in Figure 7.3). 
When h = H, it can be shown ah is much smaller than bh thus is neglected without 
loss of accuracy,  and bh is given by Eq. 7.13. 
bH = bh=H = apeak,UC
1− exp(−2πζH )
2πζH  
Eq. 7.13 
The Hth harmonic spectral acceleration magnitude is approximately equal to bH from 
Equation 7.13. 
The actual walking event differs from the idealized walking event in three main 
ways.  First, as described in Chapter 6, the applied force varies from step to step.  Second, 
impulse responses do not fill the walking event as they do in the idealized walking event.  
Instead, the walking event contains a few footstep responses and then decaying vibration 
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until another walking event begins.  Third, each footstep lands at a different location, so 
the mode shape value is different for each step.  Thus, the spectral acceleration is the 
product of the idealized walking event spectral acceleration magnitudes and adjustment 
factors for each of these differences. The maximum magnitude is shown in Eq. 7.14.  All 
variables in Eq. 7.14 are established using only first principles or previous experimental 
studies.  The UC subscript indicates that the equation is uncalibrated.  The calibrated 
version appears later in this section.  All variables other than RD and RL are defined in the 
previous section and RI is defined in Chapter 6.  The inclusion of √2 converts the spectral 
magnitude from peak to rms. 
ANB,W ,UC =
1
2 RIRDRLapeak,UC
1− e−2πζH
2πζH  
Eq. 7.14 
RD (duration) is the ratio of the duration of footstep series to the duration of 
walking even (the time from the start of the walking event to the start of the following 
walking event i.e. the next walker). The maximum value of RD is 1.0, representing a 
continuous stream of walkers, i.e., the series of footsteps continues indefinitely.  The 
footstep series duration is the product of the time between each step, Tstep, and the number 
of steps along the walking path. The average stride lengths for men and women, 
respectively, are 2 ft 6 in. and 2 ft 2 in. according to Pachi and Ji (2005).  The time 
between walking events is highly variable and engineering judgment must be used.  
Example: The walking path traverses a 30 ft wide bay.  The step frequency, fstep = 2 Hz, 
so Tstep = 0.5 sec., and the stride length is assumed to be 2 ft 6 in..  Approximately 12 
steps are required to cross the bay, so the footstep series duration is (12)(0.5 sec.) = 6 sec.  
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By engineering judgment, the time from the start of one walking event to the next is 8 
sec., so RD = 0.75. 
RL (location): The idealized walking event contains identical footstep responses 
with peak acceleration apeak,UC.  However the peak response, apeak,UC, is directly 
proportional to the mode shape amplitude (as shown in Eq. 7.1) which varies along most 
walking paths.  When apeak,UC is due to a footstep at the maximum mode shape amplitude 
(thus being the maximum response to a footstep in the walking event), RL is the ratio of 
the average and maximum mode shape amplitudes along the walking path.  Mode shape 
amplitudes may be computed using Eq. 7.3 or another rational method.   
Impulse responses on high frequency floors bays were predicted by Eq. 7.14 and 
summarized in Table 7.6 through Table 7.10.  For OHR3 apeak,UC from Chapter 6 is used 
since it is a concrete frame structure and has no predicticted apeak,UC from manual 
prediction method.  Note that the predicted values in Table 7.6 through Table 7.10 are for 
the walker weight of 168 lb. 
Table 7.6 CMC3 Predicted Peak Narrowband Spectrum Maximum Magnitude 
Step Freq. ( fstep ) 
step/min. 
Narrow-band Spectrum Max. 
Magnitude (%g) 
100 0.0203 
110 0.0166 
125 0.0233 
Table 7.7 CMC4 Predicted Peak Narrowband Spectrum Maximum Magnitude 
Step Freq. ( fstep ) 
step/min. 
Narrow-band Spectrum Max. 
Magnitude (%g) 
100 0.0110 
110 0.0139 
120 0.0142 
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Table 7.8 CHS405 Predicted Peak Narrowband Spectrum Maximum Magnitude 
Step Freq. ( fstep ) 
step/min. 
Narrow-band Spectrum 
Max. Magnitude (%g) 
100 0.0067 
110 0.0156 
120 0.0179 
125 0.0202 
130 0.0195 
Table 7.9 CHS403 Predicted Peak Narrowband Spectrum Maximum Magnitude 
Step Freq. ( fstep ) 
step/min. 
Narrow-band Spectrum 
Max. Magnitude (%g) 
90  0.0235 
100 0.0225 
110 0.0265 
120 0.0280 
130 0.0326 
Table 7.10 OHR Predicted Peak Narrowband Spectrum Maximum Magnitude 
Step Freq. ( fstep ) 
step/min. 
Narrow-band Spectrum 
Max. Magnitude (%g) 
75 0.00574 
100 0.00878 
125 0.0111 
The comparison of measurements and predictions is summarized in Table 7.11.  
The uncalibrated equation slightly over-predicted the response, with an average 
measured-to-predicted ratio of 0.831.   
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Table 7.11 Comparisons of Narrowband Spectral Accelerations 
Bay fstep Meas. 1Pred. 
Mean (Meas. / 
Pred.) 
COV (Meas. / 
Pred.) 
CMC3 
100 0.0114 0.0190 
0.844 40% 110 0.0150 0.0180 
125 0.0225 0.0217 
CMC4 
100 0.00706 0.0117 
0.680 24% 110 0.00919 0.0134 
120 0.0104 0.0148 
CHS405 
100 0.00945 0.00651 
0.976 31% 
110 0.01198 0.0138 
120 0.01386 0.0157 
125 0.01107 0.0165 
130 0.01478 0.0171 
CHS403 
90 0.0159 0.0205 
1.059 20% 
100 0.0242 0.0197 
110 0.0226 0.0231 
120 0.0274 0.0244 
130 0.0400 0.0282 
OHR 
75 0.00458 0.00684 
0.544 30% 100 0.00432 0.00894 
125 0.00704 0.00123 
All Bays    0.831 39% 
    1Prediction based on actual walker weight 
Figure 7.5 shows the measurement over prediction ratio for different walking 
speeds and floor dominant frequencies.  It can be seen the performance of the proposed 
method is consistent across the range of walking speed and floor dominant frequency.  
  
(a) M. / P. Ratio Over Natural Frequencies (b) M. / P. Ratio Over Walking Frequency 
Figure 7.5 Meas./Pred. Ratios for Various Floor Dynamic Properties 
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Based on all comparisons of measured and predicted responses, a calibration 
factor, R = 1.4, results in a 10% probability that the actual response will exceed the 
prediction.  The calibrated prediction of response to walking is shown in Equation 7.15.  
ANB,W = RANB,W ,UC  Eq. 7.15 
To further investigate the accuracy of the proposed method, the measured 
waveform peak accelerations were substituted for apeak,UC in Eq. 7.14 to calculate the 
maximum narrowband spectrum magnitude.  The average measurement to prediction 
ratio is 0.80 with COV of 26%, verifying the fairly accurate transformation from 
waveform peak to spectral acceleration. 
An example comparison of measured and predicted narrowband acceleration 
spectrum rms magnitudes is shown in Figure 7.6. 
 
Figure 7.6 Example Comparison of Narrowband Acceleration Spectrum for Impulse 
Response 
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7.3 One Third Octave Spectrum Response Prediction 
The one-third octave spectrum can be obtained by appending several individual 
footstep responses, computing the narrowband spectrum using a discrete Fourier 
transform, and bandwidth converting to one-third octave bands.  However, the last two 
operations are impractical for routine structural design office use.  Fortunately, evaluation 
of the bay usually requires only the one-third octave velocity maximum magnitude, a 
quantity that can be computed from the narrowband spectral acceleration using relatively 
simple equations.  The following derivation is based on the fact that the sum of the 
energy in the narrow bands within a one-third octave band equals the energy in the one-
third octave band. 
As shown in Figure 7.3 and Figure 7.6 the narrowband spectral acceleration is 
usually a series of approximately triangular peaks at the harmonic frequencies and the 
maximum magnitude is at the harmonic with frequency closest to the fundamental 
frequency.  Adjacent magnitudes are substantially less.  The width of each peak is 
approximately 10% the width of the harmonic frequency.   Thus, the spectrum can be 
idealized as a series of triangles as shown in Figure 7.7.  
 
Figure 7.7 Idealized narrowband acceleration spectra 
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As described in Chapter 6, the floor vibrational energy in the narrow bandwidth 
Δf, at center frequency f, is proportional to the square of the narrowband spectral 
acceleration magnitude. The vibrational energy due to all individual sinusoids within a 
one-third octave band is the area under the energy spectral density (ESD) curve within 
that band.     
The maximum considered one-third octave vibrational energy occurs when the 
maximum narrowband spectral acceleration, i.e., the highest peak in Figure 7.7, is 
completely contained in a one-third octave band.  This peak is predicted using Eq. 7.15 
with R = 1.0 (the one-third octave velocity prediction is calibrated below).  For some 
combinations of fn and fstep, the maximum spectral acceleration and adjacent peak fit into 
one one-third octave band, but those are somewhat unusual.  Thus, the one-third octave 
vibrational energy, computed using the energy spectral density shown in Figure 7.8, is 
given in Eq. 7.16.  The narrowband spectrum resolution, Δf = 1/T, where T is the duration 
of the walking event used to compute the narrowband spectrum, i.e., the time from the 
beginning of one walking event to the beginning of the next.  
 
Figure 7.8 Spectrum Showing Maximum Spectral Peak Within a One-Third Octave 
Band 
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E1/3,max = ESD( f )df
f1
f2
∫ =
1
3
(ANB,UC )2
Δf
fn
10 =
(ANB,UC )2Tfn
30  
Eq. 7.16 
The maximum one-third octave spectral acceleration magnitude is then given by 
Eq. 7.17.  The sinusoidal velocity amplitude is the acceleration amplitude divided by 2πf, 
so the one-third octave spectral velocity magnitude is as shown in Eq. 7.18.  The UC 
subscript indicates this value is uncalibrated; a calibrated version appears later in this 
section.   
A1/3,UC = E1/3,max = ANB,UC
fnT
30  
Eq. 7.17 
V1/3,UC =
ANB,UC
2π
T
30 fn  
Eq. 7.18 
Measured accelerations and Eq. 7.17 predictions were compared to assess the 
prediction accuracy and precision and to establish a calibration factor.  Predicted results 
are summarized in Table 7.12 through Table 7.16.  A summary of comparisons is shown 
in Table 7.17.  The uncalibrated equation slightly conservatively predicted the response, 
with an average measured-to-predicted ratio of 0.865.  Most of the conservatism is 
explained by the fact that V1/3,UC is directly proportional to ANB,UC. 
Table 7.12 CMC3 Predicted One-Third Octave Spectrum Maximum Magnitudes 
Step Frequency OTUBA   
OT
UBV  
step/min. (%g) (µ in. / sec.) (µm / sec.) 
100 0.0529 3249 82.5 
110 0.0437 2683 68.1 
125 0.0606 3725 94.6 
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Table 7.13 CMC4 Predicted One-Third Octave Spectrum Maximum Magnitudes 
Step Frequency OTUBA   
OT
UBV  
step/min. (%g) (µ in. / sec.) (µm / sec.) 
100 0.0336 1926 48.9 
110 0.0403 2315 58.8 
120 0.0411 2361 59.9 
Table 7.14 CHS405 Predicted One-Third Octave Spectrum Maximum Magnitudes 
Step Frequency OTUBA   
OT
UBV  
step/min. (%g) (µ in. / sec.) (µm / sec.) 
100 0.0195 1139 28.9 
110 0.0421 2463 62.5 
120 0.0481 2814 71.4 
125 0.0540 3159 80.2 
130 0.0523 3061 77.7 
Table 7.15 CHS403 Predicted One-Third Octave Spectrum Maximum Magnitudes 
Step Frequency OTUBA   
OT
UBV  
step/min. (%g) (µ in. / sec.) (µm / sec.) 
90 0.0630 3654 92.7 
100 0.0603 3494 88.7 
110 0.0708 4102 104.1 
120 0.0749 4338 110.1 
130 0.0870 5042 128.0 
Table 7.16 OHR Predicted One-Third Octave Spectrum Maximum Magnitudes 
Step Frequency OTUBA   
OT
UBV  
step/min. (%g) (µ in. / sec.) (µm / sec.) 
75 0.0191 901 22.9 
100 0.0273 1290 32.7 
125 0.0339 1603 40.7 
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Table 7.17 Summary of Comparisons 
Floor ID fstep Meas. Pred.
1 Mean (Meas. / 
Pred.) 
COV (Meas. / 
Pred.) (bpm) (mips) (mips) 
CMC3 
100 2028 2997 
0.876 27% 110 2710 2873 
125 3435 3436 
CMC4 
100 1235 1921 
0.693 18% 110 1587 2137 
120 1633 2527 
CHS405 
100 1575 983 
1.07 30% 
110 2245 2125 
120 2263 2428 
125 1742 2539 
130 2414 2642 
CHS403 
90 2647 3152 
1.19 16% 
100 3851 3016 
110 3863 3540 
120 4561 3744 
130 6251 4353 
OHR3 
75 611 994 
0.515 21% 100 592 1273 
125 882 1718 
All Bays 0.865 39% 
    1Prediction based on actual walker weight 
Figure 7.9 shows the measurement over prediction ratio for different walking 
speeds and floor dominant frequencies.  It can be seen the performance of the proposed 
method is consistent across the range of walking speed and natural frequencies.  
  
(a) M. / P. Ratio Over Natural Freq.  (b) M. / P. Ratio Over Step Frequency 
Figure 7.9 Meas./Pred. Ratios for Various Floor Dynamic Properties 
To further investigate the accuracy of Eq. 7.17 and Eq. 7.18, the measured 
narrowband spectrum maximum magnitudes were substituted into Eq. 7.18 to calculate 
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the maximum one-third octave velocity spectrum magnitude, the average measurement / 
prediction ratio is 0.97 with COV of 20%, indicating the conversion of narrowband to 
one-third octave band is accurate. An example comparison of measurement and 
prediction is shown in Figure 7.10. 
  
Figure 7.10 Example comparison of one-third octave velocity spectrum 
Based on all comparisons of measured and predicted responses, a calibration 
factor, R = 1.3, results in a 10% probability that the actual response will exceed the 
prediction.  Eq. 7.19 is recommended for design use.   
V1/3 = RV1/3,UC
 
Eq. 7.19 
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CHAPTER 8  
MANUAL PREDICTION OF RESONANT RESPONSE 
8.1 Introduction 
Sensitive equipment with less lenient vibration tolerance limits are sometimes 
supported on floor bays with fundamental frequency below the fourth harmonic 
maximum frequency. Specific tolerance limits from equipment manufacturers are 
sometimes expressed as waveform peak acceleration and are more commonly expressed 
as narrowband spectral acceleration magnitudes.  Both are required for some equipment. 
Figure 8.1 shows an example resonant response to walking.  The latter is computed by 
fast Fourier transform of the former.  When specific limits are not available, engineers 
rely on generic tolerance limits such as those given in the American Institute of Steel 
Construction (AISC) Design Guide 11 (DG11) Table 6.1 (Murray et al. 1997) which are 
usually expressed as one-third octave spectral velocity magnitudes.  Figure 8.1c shows an 
example response to walking in the form of one third octave spectral velocity magnitude.  
This spectrum is computed by bandwidth conversion of the narrowband spectrum, as 
described later in the chapter. 
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(a) Waveform (b) Narrowband acceleration spectrum 
 
 (c) One-third octave velocity spectrum 
Figure 8.1 Example Resonant Response to Walking  
Several design guides, AISC DG 11 (Murray et al. 1997), SCI P354 (Smith et al. 
2007), CCIP 016 (Willford et al. 2006), provide convenient manual calculation method 
for predicting the waveform peak velocity due to a footstep.  The predicted peak response 
can be used to construct a time history response waveform which is discrete Fourier 
transformed to a narrowband spectrum for comparison with narrowband spectral 
acceleration limits and bandwidth converted to one-third octave velocity spectrum for 
comparison with generic tolerance limits.  However, Fourier transforms and bandwidth 
conversions are not practical for routine design use.  The objective of this chapter is to 
develop practical manual method for predicting resonant response to walking in the 
following forms which are directly comparable to tolerance limits, (1) waveform peak 
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acceleration, (2) narrowband spectral acceleration maximum magnitude and (3) one-third 
octave spectral velocity maximum magnitude.  The methods are based on first principles 
and parameters established using previous research and then calibrated using measured 
responses to provide a specific probability of exceedance.   
8.2 Waveform Peak Acceleration 
The maximum response of a low frequency floor occurs when a footstep 
harmonic frequency (integer multiple of the step frequency) matches the natural 
frequency of a responsive natural mode.  The fundamental mode is the easiest to match 
and is often the most responsive, so it often provides the vast majority of the response.  
Thus, the response can be predicted by idealizing the floor bay as a single degree of 
freedom system (SDOF) with fundamental mode dynamic properties.  For a lightly 
damped SDOF system, resonant response is given by 
u t( ) = p2ζKm
1− e−ζωnt( )cos ωnt( )
 
Eq. 8.1 
where 
p = magnitude of harmonic load 
Km = modal stiffness 
ζ = damping ratio 
ωn = natural frequency  
The acceleration is thus given by 
a t( ) = p2ζM1
1− e−ζωnt( )cos ωnt( )
 
Eq. 8.2 
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where M1 is half the DG11 Chapter 4 combined mode equivalent panel weight, W, 
divided by gravitational acceleration (g), or in equation form, M1 = W / (2g).  From 
observation of large number of measurements, it takes six steps for the response to reach 
the maximum magnitude, thus by simplifying Eq. 8.2, the resonant response of an SDOF 
viscously damped system excited by a sinusoidal load with amplitude Qα is computed by 
Eq. 8.3.   
apeak,UC =
Qα
2ζM1
1− e−2πζNH( )
 
Eq. 8.3 
where 
apeak,UC = uncalibrated peak acceleration 
Q = walker weight, 168 lbf for average person 
ζ = damping ratio 
N = number of footsteps for resonant build-up, N = 6 is recommended  
H = harmonic number 
α = dynamic coefficient at harmonics of walking 
The UC subscript indicates the result is not calibrated for design use. The 
calibrated version appears later in this section. The floor fundamental natural frequency 
and modal mass can be calculated using the methods in Chapter 5. The recommended 
dynamic coefficients are given by Equation 8.4. 
α = 0.0985exp −rfn( )  Eq. 8.4 
where r = 0.1 for slow walking (1.5 Hz – 1.7 Hz),  0.09 for moderate walking (1.7-2.0 Hz) 
and 0.08 for fast walking (2.0 Hz – 2.2 Hz). 
The waveform peak acceleration was predicted for bays with fundamental 
frequency less than f4max using Eq. 8.3. The predictions are summarized in Table 8.1. 
  
194 
Table 8.1   Predicted Time History Waveform Peak Acceleration 
Bay fn fstep H α  W 
1Damping Peak Accel. 
Hz Hz kips  (%g) 
VT 4.84 1.61 3 0.0607 59.2 0.0045 1.53 
LV1 6.05 2.02 3 0.0607 130.7 0.005 0.674 
LV2 6.05 2.02 3 0.0607 112.2 0.0055 0.765 
RMOB1 6.24 2.08 3 0.0598 88.7 0.005 0.978 
RMOB2 6.24 2.08 3 0.0598 129.6 0.005 0.670 
RMOB3 6.24 2.08 3 0.0598 88.7 0.005 0.978 
RMOB4 6.49 2.16 3 0.0586 89.0 0.005 0.956 
COP 6.05 2.02 3 0.0607 182.4 0.023 0.250 
FBNT 8.41 2.10 4 0.0503 30.1 0.0115 2.01 
1 Measured damping 
Measured waveform peak accelerations (65 total measurements) and Eq. 8.3 
predictions were compared to assess the prediction accuracy and precision and to 
establish a calibration factor. A summary of comparisons is shown in Table 8.2.  The 
uncalibrated equation predicted the response with an average measured-to-predicted ratio 
of 0.84 and the predictions are fairly precise with a COV of 34%.  Prediction accuracy 
and precision are consistent across the range of bay effective weight and natural 
frequencies as shown in Figure 8.2. 
  
(a) Meas. to Pred. Ratio Over Frequencies (b) Meas. to Pred. Ratio Bay Effective Wt. 
Figure 8.2 Time History Waveform Peak Acceleration Meas. to Pred. Ratio 
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Table 8.2   Comparisons of Predicted and Measured Waveform Peak Accelerations 
Bay Acceleration Meas./Pred. Ratio Average COV 
VT 0.55 34.0% 
LV1 0.73 18.4% 
LV2 0.83 24.2% 
RMOB1 0.90 11.2% 
RMOB2 1.20 19.9% 
RMOB3 0.50 38.4% 
RMOB4 0.47 9.3% 
COP 1.04 34.8% 
FBNT 0.97 10.7% 
All Bays 0.84 34% 
Based on all comparisons of measured and predicted responses, a calibration 
factor, R = 1.3, results in a 10% probability that the actual response will exceed the 
prediction.  Therefore, the recommended calibrated design equation is Equation 8.5, 
where apeak,UC  is computed as described above.   
apeak = Rapeak,UC  Eq. 8.5 
8.3 Narrowband Spectral Acceleration 
The narrowband spectrum can be computed by discrete Fourier transformation of 
the waveform response to entire walking event.  It is observed from numerous 
measurements that a typical low frequency floor time history response waveform consists 
of a resonant build-up part followed by a decay part at the floor natural frequency (Figure 
8.3a).  The time history response waveforms of the resonant build-up and decay part can 
be expressed by Eq. 8.6 through Eq. 8.8.  The subscripts b and d indicate “build-up” and 
“decay,” respectively.  An example predicted waveform is shown in Figure 8.3b. 
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ab(t) =
apeak
ab,t=Tb
cos(2πfnt) e−ζ2πfnt −1( )
 
Eq. 8.6 
ab,t=Tb = cos(2πfnTb ) e−ζ2πfnTb −1( )
 
Eq. 8.7 
ad (t −Tb ) = apeak cos(2πfn t −Tb( ))e−ζ2πfn t−Tb( )  Eq. 8.8 
where 
apeak = time history peak acceleration 
ζ = damping ratio 
fn = fundamental frequency   
Tb = duration of resonant build-up part 
It is observed that an average resonant build-up lasts approximately six steps 
(Davis et al. 2013). Eq. 8.9 and Eq. 8.10 are recommended for the calculation of duration 
of resonant build-up (Tb) and decay (Td). 
Tb =
6
fstep  
Eq. 8.9 
 
Td = Tw −Td  Eq. 8.10 
where 
fstep = step frequency in Hz 
Tw = time to travel across the bay 
With the predicted waveform, discretely sampled at a constant sampling period, 
the narrowband spectrum can be computed by fast Fourier transform (FFT) algorithm.   
However the FFT algorithm to obtain narrowband spectrum is impractical for typical 
structural engineering office usage. In the following, a practical equation for the 
maximum narrowband spectral acceleration magnitude is developed by computing the 
analytical Fourier transformation of the waveform predicted in Section 8.2.   
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(a) Measured Response Waveform (b) Predicted Response Waveform 
Figure 8.3 Example Time History Response Waveforms 
The Fourier coefficients are calculated separately for the resonant build-up (Eq. 
8.11 and Eq. 8.12) and decay (Eq. 8.13 and Eq. 8.14) and the total response is the 
superposition of the responses from resonant build up and decay parts (Eq. 8.15).  
ab,h =
ωb
π
ab t( )cos h bωbt( )dt0
2π/ωb∫ h =1,2,3,!
  
Eq. 8.11 
bb,h =
ωb
π
ab t( )sin hbωbt( )dt0
2π/ωb∫ h =1,2,3,!
  
Eq. 8.12 
ad,h =
ωd
π
ad t( )cos h dωdt( )dt0
2π/ωd∫ h =1,2,3,!
 
Eq. 8.13 
bd,h =
ωd
π
ad t( )sin hdωdt( )dt0
2π/ωd∫ h =1,2,3,!
 
Eq. 8.14 
ANB =
Tb
T
!
"
#
$
%
& ah,b( )
2
+ bh,b( )
2
+
Td
T
!
"
#
$
%
& ah,d( )
2
+ bh,d( )
2
 
Eq. 8.15 
where ωb = 2π / Tb for the resonant build-up part and ωd  = 2π / Td for the decay part.  
Maximum response happens when one of harmonic matches floor natural frequency.  By 
substituting Eq. 8.6 through Eq. 8.8 into Eq. 8.11 through Eq. 8.15, the maximum narrow 
band spectrum magnitude is given by Eq. 8.16. 
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ANB,UC =
1
2
27α
ζ2WfnT
C − 1− e−C( ) e−C( )
rt$
%&
'
()
g
C =12πζH
 
Eq. 8.16 
rt =
Td
Tb
 
Eq. 8.17 
where 
ζ = damping ratio 
W = M1×g (lbf) 
fn = fundamental frequency   
Tb = duration of resonant build-up part 
Td = duration of decay part 
T = duration of the walking event, from the start of the walking event to 
the start of the next walking event 
H = number of harmonic with frequeny equals to natrural frequency 
The UC subscript indicates that result is not calibrated for design use. The 
calibrated version appears later in this section.  Note that the inclusion of √2 converts 
the spectral magnitude from peak to rms, which is the most common form of equipment 
tolerance limits. Measured spectral acceleration magnitudes and Eq. 8.16 predictions 
were compared to assess the prediction accuracy and precision and to establish a 
calibration factor.  A summary of comparisons is shown in Table 8.3.  The uncalibrated 
equation slightly over-predicted the response, with an average measured-to-predicted 
ratio of 0.76.  Prediction accuracy and precision are consistent across the range of bay 
masses and natural frequencies as shown in Figure 8.4. 
  
(a) M. to P. Ratio Over Frequencies (b) M. to P. Ratio Over Effective Wt. 
Figure 8.4 Narrowband Spectrum Maximum Magnitude Measurements to 
Prediction Ratio 
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Table 8.3 Summary of Narrowband Spectrum Maximum Magnitude 
Floor ID Tb (sec.) Tw (sec.) 
Predicted Narrow-
band Spectrum Peak 
Magnitude (%g) 
Meas. / Pred. 
Mean COV 
VT 3.6 7.2 0.366 0.51 55.4% 
LV-1 3.2 6.5 0.143 0.94 21.6% 
LV-2 3.0 6.0 0.149 1.17 22.3% 
RMOB-1 2.9 5.8 0.185 0.71 17.6% 
RMOB-2 2.9 5.8 0.127 0.81 29.0% 
RMOB-3 2.9 5.8 0.185 0.47 56.2% 
RMOB-4 2.8 5.5 0.174 0.18 27.5% 
COP 3.0 7.9 0.0412 0.89 34.8% 
FBNT 2.9 5.7 0.319 0.72 22.9% 
   All Bays 0.76 43.0% 
To further investigate the accuracy of the proposed method, the measured 
waveform peak accelerations, Tb and Td were used to calculate the maximum narrowband 
spectrum magnitude.  The average ratio of measured-to-predicted magnitude is 0.76, 
which is slightly conservative, with COV of 47.7%.  
Eq. 8.16 prediction from both predicted and measured waveform peak 
acceleration provides conservative results. One reason for the conservative results is that 
not all the measured time history has the typical resonant response waveform.  Figure 8.5 
shows two measurements taken on the same floor from the same walker. The 
measurement shown in Figure 8.5a doest not have the typical resonant build-up and 
decay part and thus has lower response in both time and frequency domain compared 
with typical measurements (Figure 8.5b and Figure 8.5d).  
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(a) Waveform without Resonant Build 
up and Decay 
(b) Typical Waveform 
  
(c) Narrowband Spectrum of 8.3a (d) Narrowband Spectrum of 8.3b 
Figure 8.5 Example Response without Resonant Build up and Decay 
Another reason for the conservative prediction is a higher mode with natural 
frequency that matches a higher harmonic of walking excitation, as the result, two modes 
are actually excited and the energy dissipates to the higher mode. For example, during the 
walking test, step frequency is 1.93 Hz and the third harmonic matches the fundamental 
frequency at 5.8 Hz. There is another mode at 7.8 Hz, which matches the fourth harmonic 
of the walking excitation  (Figure 8.6).  Two natural modes at 5.8 Hz and 7.8 are both 
excited, as the result, both modes have lower response.  
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Figure 8.6 Example Spectrum w/ Two Modes Excited  
Based on all comparisons of measured and predicted responses, a calibration 
factor, R = 1.3, results in a 10% probability that the actual response will exceed the 
prediction.  The calibrated prediction of response to walking is shown in Eq. 8.19.   
UCNBNB RAA ,=  Eq. 8.18 
An example comparison of measured and predicted narrowband acceleration 
spectrum is shown in Figure 8.7.   
  
(a) Measured Narrowband Spectrum (b) Predicted Narrowband Spectrum 
Figure 8.7 Example Comparison of Measured and Predicted Narrow Band 
Spectrum  
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8.4 One-Third Octave Spectral Velocity 
The one-third octave spectrum can be obtained by bandwidth converting the 
narrow band spectrum to one-third octave bands.  However, the operation is impractical 
for routine structural design office use.  Fortunately, evaluation of the bay usually 
requires only the one-third octave velocity maximum magnitude, a quantity that can be 
computed from the narrowband spectral acceleration using relatively simple equations.  
The following derivation is based on the fact that the sum of the energy in the narrow 
bands within a one-third octave band equals the energy in the one-third octave band. 
Figure 8.7a shows the narrowband spectrum of a bay with fundamental frequency 
at 4.9 Hz and subject to 1.63 Hz walking.  The narrowband spectral acceleration, 
exemplified in Figure 8.7, is approximately a single triangular peak at the harmonic 
frequency (4.9 Hz) and small contributions elsewhere. The width of the peak is 
approximately 10% the width of the harmonic frequency (Brownjohn et al. 2004), a value 
the writers verified experimentally. The peak centered at 4.9 Hz starts from 4.65 Hz and 
ends at 5.15 Hz. To aid in the derivation, the spectrum is idealized as a triangular peak as 
shown in Figure 8.8. 
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Figure 8.8 Idealized Narrowband Spectrum 
The maximum considered one-third octave vibrational energy occurs when the 
maximum narrowband spectral acceleration is completely contained in a one-third octave 
band.  This peak is at fn and its magnitude is predicted using Eq. 8.16 (the one-third 
octave velocity prediction is calibrated below).  For some combinations of fn and fstep, the 
maximum spectral acceleration and adjacent peak fit into a one-third octave band, but 
those are somewhat unusual.  Follow the derivation in Chapter 7, the one-third octave 
spectral acceleration magnitude is shown in Eq. 8.17.  The sinusoidal velocity amplitude 
is the acceleration amplitude divided by 2π, so the one-third octave spectral velocity 
magnitude is as shown in Eq. 8.19.  The UC subscript indicates this value is uncalibrated; 
a calibrated version appears later in this section.   
30,,3/1,3/1
TfAEA nUCNBmaxUC ==
 
Eq. 8.19 
n
UCNB
UC f
TAV
302
,
,3/1 π
=
 
Eq. 8.20 
where 
ANB,UC = uncalibrated narrow band spectrum maximum magnitude. 
T = duration of the walking event, from the start of the walking event to the 
start of the next walking event. 
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Measured velocities and Eq. 8.20 predictions were compared to assess the 
prediction accuracy and precision and to establish a calibration factor.  A summary of 
prediction and comparisons is shown in Table 8.4.  The uncalibrated equation 
conservatively predicted the response, with an average measured-to-predicted ratio of 
0.62.  Most of the conservatism is explained by the fact that V1/3,UC is directly 
proportional to ANB,UC.  Prediction accuracy and precision are consistent across the range 
of bay effective weight and natural frequencies as shown in Figure 8.9. 
  
(a) M. / P. Ratio Over Frequencies (b) M. / P. Ratio Over Effective Wt. 
Figure 8.9 One Third Octave Spectrum Max. Mag. Meas. to Pred. Ratio  
Table 8.4 Summary of One Third Octave Band Spectrum Prediction 
Floor ID Predicted Velocity Meas. / Pred. 
(µ in. / sec.) (µm / sec.) Mean COV 
VT 82250 2088 0.48 43.4% 
LV-1 30422 772 0.64 22.3% 
LV-2 30474 773 0.85 20.1% 
RMOB-1 37135 943 0.56 13.5% 
RMOB-2 25415 645 0.73 26.4% 
RMOB-3 37135 943 0.33 39.4% 
RMOB-4 34201 868 0.23 15.7% 
CoP 8404 213 0.78 37.1% 
FBNT 55159 1400 0.69 14.5% 
   All Bays 0.62 37.6% 
To further investigate the accuracy of Eq. 8.20, the measured narrowband 
spectrum maximum magnitudes were substituted into Eq. 8.20 to calculate the maximum 
one-third octave velocity spectrum magnitude. The average meas. / pred. ratio is 0.88 
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with COV of 19%, indicating the conversion of narrowband to one-third octave band is 
fairly accurate.  
Based on all comparisons of measured and predicted responses, a calibration 
factor, R = 1.1, results in a 10% probability that the actual response will exceed the 
prediction.   
V1/3 = RV1/3,UC  Eq. 8.21 
Eq. 8.21 is recommended for design use.  An example comparison of 
measurement and prediction is shown in Figure 8.10. 
  
(a) Measured (b) Predicted 
Figure 8.10 Example Comparison of One-Third Octave Velocity Spectrum 
 
  
206 
CHAPTER 9  
RESONANT RESPONSE PREDICTION USING FINITE ELEMENT 
ANALYSIS 
9.1 Waveform Peak Acceleration Prediction 
Chapter 8 proposed a manual calculation method to predict the time history 
maximum magnitude for floors with regular layout. For those floors with an irregular 
plan, Frequency Response Function (FRF) Method developed by Davis (2008), which 
applies to all configurations, can be used to estimate the waveform acceleration.  The 
FRF method advantageously uses the fact that the vast majority of the resonant response 
to walking is almost always caused by footstep force harmonic that matches the natural 
frequency of the dominant mode or another responsive mode.  In the FRF Method, the 
acceleration FRF maximum magnitude is predicted using the finite element analysis 
method and then multiplied by the walking force harmonic amplitude with frequency 
matching the natural frequency.  This gives the steady-state response to walking, which is 
then reduced by a resonance build-up factor to predict the response to walking (Davis 
2008).   
This method is illustrated using the predicted FRF magnitude spectrum shown in 
Figure 9.1.   
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Figure 9.1 Sample Accelerance FRF Magnitude 
§ Use frequency domain analysis to predict the FRF magnitude spectrum maximum 
magnitude (0.209 %g / lbf at 7.0 Hz).  
§ Upon identification of the dominant frequency, response from step frequencies 
that satisfies the following conditions should be calculated: (1) the step frequency 
is between approximately 1.6 and 2.2 Hz, (2) a multiple of the step frequency 
matches the dominant frequency and causes a resonant build-up, (3) the lowest 
possible harmonic causes resonance. In the example, fourth harmonic is the 
lowest harmonic that can cause resonance and response at step frequency at 7.0 / 
4 = 1.75 Hz should be calculated. 
§ Multiplication of the FRF peak magnitude (FRFMax) by the harmonic load gives 
the steady-state acceleration, asteadystate (%g).  The harmonic load is equal to the 
walker weight multiplied by the dynamic coefficient shown in Eq. 9.1. 
α = 0.0985exp −rfn( )  Eq. 9.1 
asteadystate = FRFMaxαQ
 
Eq. 9.2 
§ Reduction of the steady-state peak acceleration results in the prediction of 
acceleration due to walking (%g).  
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apeak,UC = asteadyStateρ  Eq. 9.3 
     50ζ+ 0.25        if  ζ < 0.01
ρ =13ζ+ 0.60        if  0.01< ζ < 0.03
      1.0                   if  ζ ≥  0.03
 Eq. 9.4 
where  
ζ = damping ratio 
Q = bodyweight, 168 lb 
r = 0.1 for slow walking (1.5 Hz – 1.7 Hz), 0.09 for moderate walking (1.7-2.0 Hz) 
and 0.08 for fast walking (2.0 Hz – 2.2 Hz). 
The predicted peak accelerations for all LFF specimens are summarized in Table 
9.1. Total 65 measurements were taken on the LFF specimens.  Table 9.2 summarizes the 
comparison of predicted and measured peak accelerations.   
Table 9.1 Predicted Peak Accelerations 
Bay ID FRFMax ζ  
Step 
Freq. 
Walker 
Wt. 
Steady-
State 
Accel. ρ 
Pred. 
Peak 
Accel. 
%g/lbf Hz % Hz lb. %g %g 
VT 0.388 5.00 0.44 1.67 180 4.17 0.470 1.96 
LV1 0.165 5.56 0.5 1.85 180 1.78 0.500 0.889 
LV2 0.151 5.71 0.55 1.90 180 1.60 0.525 0.839 
RMOB 1 0.165 8.01 0.54 2.00 245 2.10 0.525 1.10 
RMOB 2 0.201 8.16 0.54 2.04 245 2.53 0.525 1.33 
RMOB 3 0.171 7.24 0.54 1.81 245 2.15 0.525 1.13 
RMOB 4 0.195 8.69 0.54 2.17 245 2.35 0.525 1.24 
COP 0.014 5.80 2.3 1.93 168 0.14 0.899 0.126 
FBNT 0.454 8.30 1.2 2.08 180 4.14 0.750 3.11 
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Table 9.2 Summary of Comparisons 
Bay ID Measurement / Prediction Mean COV (%) 
VT 0.46 34.0 
LV1 0.66 17.9 
LV2 0.90 24.2 
RMOB1 1.16 11.2 
RMOB2 0.883 19.9 
RMOB3 0.627 38.4 
RMOB4 0.534 9.28 
COP 2.07 34.8 
FBNT 0.67 10.7 
All Bays 0.90 55.0 
As shown in Figure 9.2 prediction accuracy and precision are consistent across 
the range of bay effective weight and natural frequencies except for CoP.  
  
(a) M. to P. Ratio Over Frequencies (b) M. / P. Ratio Over Effective Wt. 
Figure 9.2 Time History Waveform Peak Acceleration Meas. to Pred. Ratio  
COP has measurement to prediction ratio of 2.07, which indicate unconservative 
prediction. The reason for the unconservative result is COP has impulse response instead 
of resonant response. Figure 9.3 shows the comparison of typical resonant response with 
the responses measured on COP. It can be seen the measured time history on COP is 
characterized by individual impulse response instead of the resonant response with build 
up and decay. In the frequency domain, the measured narrow band spectrum on COP has 
a series of peaks at each harmonic of step frequency, which is different from the typical 
resonant response narrow band spectrum that has one single peak at the resonant 
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frequency. Using the finite element method in Chapter 6, the predicted impulse response 
is 0.23%g with the measurement to prediction ratio of 1.07, which indicates a fairly 
accurate prediction. 
 
  
(a) Typical Resonant Response Time History (b) CoP Measured Time History 
  
(a) Typical Resonant Response Narrow 
Band Spectrum (d) CoP Measured Narrow Band Spectrum 
Figure 9.3 College of Pharmacy Measured Time History and Narrow Band 
Spectrum 
Based on all comparisons of measured and predicted responses, a calibration 
factor, R = 1.3, results in a 10% probability that the actual response will exceed the 
prediction.  Therefore, the recommended calibrated design equation is Eq. 9.5, where 
 is computed as described above.   
apeak = Rapeak,UC  Eq. 9.5 
apeak,UC
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9.2 Narrow Band Spectrum Response Prediction 
With knowledge of time history peak acceleration, floor fundamental frequency 
and damping ratio, time history waveform can be constructed. Then the narrow band 
magnitude spectrum can be obtained by fast Fourier transforming the time history 
waveform. Total 65 measurements were taken on the LFF specimens and Table 9.3 
summarizes the predicted narrowband spectrum maximum magnitude and comparison of 
measurement of prediction. 
Table 9.3 Predicted Narrowband Peak Response 
Bay ID Prediction Meas./Pred. %g Ave. COV (%) 
VT 0.469 0.430 55.4 
LV1 0.189 0.850 21.6 
LV2 0.171 1.21 22.3 
RMOB 1 0.206 0.935 17.6 
RMOB 2 0.244 0.613 29.0 
RMOB 3 0.234 0.536 56.2 
RMOB 4 0.213 0.213 27.5 
COP 0.021 1.74 35.9 
FBNT 0.500 0.491 22.9 
All Bay  0.802 59.8 
It can be seen from Figure 9.4 the prediction accuracy and precision are consistent 
across the range of bay masses and natural frequencies except for COP with the reason 
presented in Section 9.1. 
  
(a) Meas. to Pred. Ratio Over Frequencies (b) M. / P. Ratio Over Effective Wt. 
Figure 9.4 Narrowband Spectrum Max. Mag. Meas. to Pred. Ratio  
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Based on all comparisons of measured and predicted responses, a calibration 
factor, R = 1.3, results in a 10% probability that the actual response will exceed the 
prediction.  Therefore, the recommended calibrated design equation is Eq. 9.6, where 
 is obtained by fast Fourier transform as described in this section.   
ANB = RANB,UC  Eq. 9.6 
9.3 One-Third Octave Spectrum Response Prediction 
One third octave band spectrum maximum magnitude was obtained by first fast 
Fourier transforming the time history waveform to narrowband spectrum then bandwidth 
converting the narrowband spectrum to one-third octave band spectrum (see Chapter 6).  
Total 65 measurements were taken on the LFF specimens and Table 9.4 summarizes the 
predicted one-third octave spectrum maximum magnitude and the comparison of 
predictions and measurements.   
Table 9.4 Predicted One-Third Octave Spectral Response 
Bay ID Prediction Meas./Pred. µ in. / sec. Ave. COV (%) 
RMOB 1 36497 0.833 13.5 
RMOB 2 42787 0.634 26.4 
RMOB 3 43619 0.417 39.4 
RMOB 4 36223 0.273 15.7 
COP 4386 1.50 37.1 
FBNT 86983 0.467 14.5 
VT 105245 0.405 43.4 
LV1 40122 0.578 22.3 
LV2 35958 0.860 20.1 
All Bay  0.682 58.0 
ANB,UC
  
213 
It can be seen from Figure 9.5 prediction accuracy and precision are consistent 
across the range of bay masses and effective weight except for COP for the reason 
disussed in Section 9.1. 
  
(a) M. to P. Ratio Over Frequencies (b) M. to P. Ratio Over Effective Wt. 
Figure 9.5 One Third Octave Spectrum Max. Mag. Meas. to Pred. Ratio  
Based on all comparisons of measured and predicted responses, a calibration 
factor, R = 1.1, results in a 10% probability that the actual response will exceed the 
prediction.  Therefore, the recommended calibrated design equation is Eq. 9.7, where 
ANB,UC  is computed as described above.   
V1/3 = RV1/3,UC  Eq. 9.7 
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CHAPTER 10  
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE RESEARCH 
10.1 Summary 
The objective of this research is to provide relatively simple and experimentally 
verified methods for the evaluation of walking vibration of steel-framed floors supporting 
sensitive equipment.  The methods must be practical for design use with or without the 
aid of finite element analysis software, and model the actual behavior, e.g., resonant 
response or impulse response of floor system. The methods should be fairly accurate and 
precise and have a known probability that the actual response will exceed the predicted 
response. The methods must predict the response in a form (e.g., waveform peak 
acceleration, narrowband spectral acceleration, or one-third octave spectral velocity) that 
is directly comparable to the equipment tolerance limit.  Also a more accurate natural 
frequency prediction method is needed for floors with non-structural partitions. 
An experimental program was completed to provide measured modal properties 
and responses to walking for comparison with analytical predictions made using the 
proposed methods.  Five floors were tested, including four steel-framed composite floors 
and a cast-in-place concrete frame floor. Modal properties and responses to walking from 
previous research were also included in this current study. 
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Detailed modal tests were performed on two steel framed floors and one concrete 
floor to provide measured FRF magnitude spectra, which were then used to estimate 
natural frequencies, mode shapes, and damping ratios.  On two steel frame floors where 
the experimental modal analysis was not feasible, heel drop tests were performed to 
estimate natural frequencies.  
Subsequent walking tests were performed. On floors with responsive natural 
modes with frequency less than the fourth harmonic maximum frequency, f4max, each 
individual walker traversed each tested bay several times at a subharmonic of the 
dominant frequency to cause resonance.  On floors with all responsive natural modes 
greater than f4max, each individual walker traversed each tested bay several times at 75 Hz, 
100 Hz, 110 Hz, 120 Hz and 130 Hz step frequencies. 
A finite element model was created for each floor using ANSYS and used to 
predict natural frequencies, mode shapes and FRF magnitudes for comparison with 
measured values.  It was found that the inclusion of the non-structural partitions greatly 
improved prediction accuracy.  The model predicted natural frequency and maximum 
FRF magnitude accurately in most cases.  However, there are still some problems with 
the finite element modeling: (1) on some floors finite element analysis did not predict all 
the measured modes, (2) finite element analysis sometimes did not predict the natural 
modes in the same sequence as the measured modes, and (3) FRF magnitudes were 
inaccurately predicted in some cases. 
A manual calculation method was developed to predict the natural frequency and 
effective mass, including the effects of non-structural partitions.  Rayleigh’s Quotient 
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was used to develop the method and it was found non-structural partitions contribute 
significantly to floor potential energy. The predicted natural frequencies were compared 
with measured fundamental frequencies and it was found this method accurately and 
precisely predicted the floor fundamental frequencies.   The predicted effective masses 
were compared with estimated effective mass and it was found this method tended to 
slightly underestimate the effective mass, which led to a conservative prediction of 
walking response. 
Walking response prediction methods were developed in four modules: (1) 
impulse response prediction with finite element analysis, (2) impulse response prediction 
with manual calculation, (3) resonant response prediction with finite element analysis, 
and (4) resonant response prediction with manual calculation.  Each module can be used 
to predict time history waveform peak magnitude, narrow band spectrum maximum 
magnitude and one third octave band maximum magnitude.  
For the impulse response prediction with finite element analysis, the average 
measurement to prediction ratio (COV) is 1.03 (25.3%) for time history peak acceleration, 
0.919 (34.2%) for narrow band maximum magnitude and 0.750 (30.3%) for one third 
octave band spectrum maximum magnitude. 
For the impulse response prediction with manual calculation, the average 
measurement to prediction ratio (COV) is 0.95 (25.0%) for time history peak acceleration, 
0.831 (39.0%) for narrow band maximum magnitude and 0.865 (39.0%) for one-third 
octave band spectrum maximum magnitude. 
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For the resonant response prediction with manual calculation, the average 
measurement to prediction ratio (COV) is 0.84 (34.0%) for time history peak acceleration, 
0.76 (43.0%) for narrow band maximum magnitude and 0.62 (37.6.0%) for one-third 
octave band spectrum maximum magnitude. 
For the resonant response prediction with finite element analysis, the average 
measurement to prediction ratio (COV) is 0.90 (55.0%) for time history peak acceleration, 
0.80 (59.8%) for narrow band maximum magnitude and 0.68 (58.0%) for one-third 
octave band spectrum maximum magnitude. 
The prediction methods were calibrated such that the prediction has a 10% 
probability of exceedance.  The calibration factors for the four prediction modules and 
three forms of predictions are summarized in Table 10.1. 
Table 10.1 Summary of Calibration Factors 
 
Time History 
Wavefrom Peak 
Accerlation 
Narrow Band 
Spectrum Maximum 
Magnitude 
One-Third Octave 
Band Spctrum Max. 
Magnitude 
Impulse Response 
with FEA 1.5 1.3 1.0 
Impulse Response 
Manual Calculation 1.3 1.4 1.3 
Resonant Response 
with FEA 1.3 1.3 1.1 
Resonant Response 
Manual Calculation 1.3 1.3 1.1 
10.2 Conclusions 
Numerous conclusions are made in the preceding chapters and summarized below. 
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Natural Modes Prediction 
• Non-structural partitions change the floor dynamic property significantly 
thus should be included in the model, and spring stiffness of 3 kips/in/ft is 
recommended. 
• Tuning greatly improved the accuracy of the finite element model and 
should be performed when possible. 
• The proposed finite element modeling method can predict natural 
frequency and mode shape accurately with the inclusion of non-structural 
partitions. 
• The proposed finite element analysis method can fairly accurately predict 
frequency response function maximum magnitude with the inclusion of 
non-structural partitions. However, the accuracy is not always consistent. 
• The proposed manual calculation method can predict fundamental mode 
accurately with inclusion of non-structural partitions. 
Prediction of Response to Walking 
• Walking response prediction method provides accurate prediction for time 
history peak acceleration and slightly conservative prediction for narrow 
band spectrum maximum magnitude and one-third octave band spectrum 
maximum magnitude. 
• Due to the large CoV, calibration factor should be used to ensure 
predictions have a known probability of exceedance. 
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10.3 Recommendations for Future Research 
There are numerous topics that are in need of research toward the goal of 
improving prediction of floor vibration response:  
• Improve the finite element modeling techniques and prediction of floor 
natural frequency, mode shape and frequency response function. 
• Modal mass and FRF magnitude affects the floor response significantly; 
current manual calculation method does not predict modal mass and FRF 
magnitude accurately. A more accurate prediction method is needed. 
• Accuracy of the pedestrian induced force model should be improved and 
force model for more than one person should be studied. 
• Damping ratio has significant effect to floor vibration response. Research 
to improve the prediction of damping ratios would also be very helpful. 
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APPENDIX 
Analytical Solution of Floors with General Boundary Conditions 
The governing differential equation of Kirchhoff plate (Figure A. 1) is given by 
Dx
∂4w
∂x4 + 2β
∂4w
∂x2∂y2 +α
∂4w
∂y4
"
#
$
%
&
'+m ∂
2w
∂t2 = p x, y, t( )  
Eq. A. 1 
in which 
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12(1−µxµy )  
Eq. A. 6 
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3GhDxy =
 
Eq. A. 7 
 hm ρ=  Eq. A. 8 
and µ is Poisson’s ratio, Ex and Ey are Young’s modulus in the two perpendicular 
directions, ρ is mass density and h is the thickness of the plate.   
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Figure A. 1 Plate Geometry 
The displacement field is represented by  
w x, y, t( ) = Fm x( )Gn y( )Ymn t( )
n=1
∞
∑
m=1
∞
∑
 
Eq. A. 9 
in which Fm(x) and Gn(y) are mode shape functions that satisfy (1) the boundary 
conditions, (2) actual shape of movement of natural modes, (3) orthogonality conditions 
specified in Eq. A. 10 through Eq. A. 12. 
 
 
( ) ( ) nmdxxFxF
a
nm ≠=∫0 0   
( ) ( ) nmdyyGyG
b
nm ≠=∫0 0  
Eq. A. 10 
 
( ) ( ) nmdxxF
dx
xFda
n
m ≠=∫0 2
2
0
 
( ) ( ) nmdyyG
dy
yGdb
n
m ≠=∫0 2
2
0
 
Eq. A. 11 
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Eq. A. 12 
in which a and b are the length and width of the plate.  Substitute Eq. A. 9 into Eq. A. 1, 
the governing differential equation then can be written as 
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Eq. A. 13 
To get the uncoupled form of the governing differential equation in modal 
coordinate, multiply both sides of Eq. A. 13 by Fj (x) × Gk(y) and then integrate over the 
plate from (0, 0) to (a, b). 
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= p x, y, t( )Fj x( )Gk y( )dydx0
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∫  
Eq. A. 14 
Here assume mode shape functions also satisfy Eq. A. 15 and Eq. A. 16.   
d 4Fm x( )
dx4 = ηm
4Fm x( )
  
Eq. A. 15 
d 4Gn y( )
dy4 = ηn
4Gn y( )
  
Eq. A. 16 
By substituting Eq. A. 10 through Eq. A. 12, Eq. A. 15 and Eq. A. 16 into Eq. A. 
14, the uncoupled form of the governing differential equation in normal coordinate is 
given by Eq. A. 17. 
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Mmnm !!Ymn t( )+Kmnm Ymn t( ) = Pmnm  Eq. A. 17 
in which 
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Pmnm = p x, y, t( )Fm x( )Gn y( )dydx0
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∫0
a
∫
 
Eq. A. 20 
To include damping, Eq. A. 17 is rewritten as 
Mmnm !!Ymn t( )+Cmnm !Ymn t( )+Kmnm Ymn t( ) = Pmnm  Eq. A. 21 
Cmnm = αDMmnm +βDKmnm  Eq. A. 22 
Dividing both sides of Eq. A. 17 by the modal mass (Eq. A. 18) gives governing 
differential equation in mass normalized form  
!!Ymn t( )+Cmnm !Ymn t( )+Kmnm Ymn t( ) = Pmnm  Eq. A. 23 
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Eq. A. 26 
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Eq. A. 23 is a second order linear ordinary differential equation with constant 
coefficients and the solution gives the response of each mode in normal coordinate.  After 
the response of each mode in normal coordinate is found, the total response can be 
obtained by superposition using Eq. A. 9. 
Orthotropic Rectangular Plate Simply Supported at Edges 
For orthotropic rectangular plate simply supported at all edges, shape functions 
can be written as 
Fm x( ) = sin m
π x
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Eq. A. 27 
Gn y( ) = sin n
πy
b
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'  Eq. A. 28 
It can be shown that the mode shape functions satisfy the boundary conditions, 
orthognality conditions and also the assumption given in Eq. A. 15 and Eq. A. 16.  From 
Eq. A. 15 and Eq. A. 16, it can be seen that 
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Eq. A. 30 
Substitute Eq. A. 27 and Eq. A. 28 into Eq. A. 24, the normalized modal stiffness 
is given by 
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Eq. A. 31 
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Orthotropic Rectangular Plate Clamped at Edges 
For orthotropic rectangular plate clamped at all edges, the eigenfunctions for the 
vibrating beam with fixed ends are chosen to represent the mode shape functions (Eq. A. 
32 through Eq. A. 39, Harik et al. 1986) 
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Eq. A. 32 
Em x( ) =
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sinh λm( )− sin λm( )  
Eq. A. 33 
λm = 4.7300, 7.8532, 10.9960, !, 2m+1( )π / 2  Eq. A. 34 
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Eq. A. 36 
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Eq. A. 37 
λn = 4.7300, 7.8532, 10.9960, !, 2n+1( )π / 2  Eq. A. 38 
ηn =
λn
b  Eq. A. 39 
By substituting Eq. A. 32 through Eq. A. 39 into Eq. A. 24, the normalized modal 
stiffness is then given by 
Kmnm =
Dx
m ηm
4 + 2βηm2g2mηn2g2n +αηn4$% &'  Eq. A. 40 
in which model constants g2m and g2n are defined as  
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Eq. A. 42 
Table A. 1 Modal Constant g2i for Clamped-Clamped Boundary Condition  
Boundary Conditions g21 g22 g23 g2m   (m>3) 
Clamped-Clamped 2.6009 / λ1 5.8639 / λ2 8.9984 / λ3 (λm-2) / λm 
Free Vibration of Floor Systems 
Given the governing differential equation in modal coordinate, the natural 
frequencies of mode mn (m half sine wave in x direction and n half sine wave in y 
direction) can be obtained by 
fmn =
1
2π
Kmnm
Mmnm  
Eq. A. 43 
in which Mmnm  and  Kmnm  are modal mass and stiffness. 
For a plate simply-supported on its all edges, the natural frequency of mode mn is 
given by 
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Eq. A. 44 
For plate clamped on its all edges, the natural frequency of the mode mn is given 
by 
fmn =
1
2π
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Eq. A. 45 
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Forced Vibration of Floor Systems 
The general form of the load function is given by Eq. A. 26. For a patch load with 
uniform magnitude po between ye  + Δy / 2, ye  - Δy / 2, xe + Δx / 2, xe - Δx / 2, the load 
function is written as 
Pmnm = po Fm x( )dxxe−Δx/2
xe+Δx/2∫( ) Gn y( )dyye−Δy/2
ye+Δy/2∫( ) f t( )
 
Eq. A. 46 
For load uniformly distributed over the plate, use ye = b / 2, xe= a / 2, Δy = b / 2 
and Δx = a / 2.  When the plate is subject to point load qo f (t) at xs and ys, load function is 
obtained by letting p (t) = qo f (t) / (Δx × Δy) and Δx and Δy approach to zero. 
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= Fm xs( )Gn ys( )q t( )  
Eq. A. 47 
Impulse Response of Floor Systems 
The impulse response of floor system can be found by first calculate the impulse 
response at each mode using the uncoupled form of the governing differential equation in 
Eq. A. 48 and the total response of the plate can be obtained by mode superposition.   
( ) ( ) ( ) ( ) ( )IyGxFtYKtYCtY snsmmnmmnmnmmnmn =++ !!!  Eq. A. 48 
where I is the unit impulse function.  The impulse response function is given by Eq. A. 49. 
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Eq. A. 50 
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The acceleration is found by differentiating Eq. A. 49 twice with respect to time. 
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Eq. A. 51 
Eq. A. 51 can be simplified to  
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Eq. A. 53 
When damping is small, Eq. A. 52 and Eq. A. 53 are simplified to 
!!Ymn t( ) = −Fm xs( )Gn ys( ) IωD,mne−ζωn,mnt sin ωD,mnt +θ( )  Eq. A. 54 
θ = arctan 2ζ( )  Eq. A. 55 
It can be seen from Eq. A. 55, when damping ratio is small, is a small angle thus can be 
neglected.  The acceleration due to the impulse with magnitude I is  
( ) ( ) ( ) ( ) ( )teIyGxFtYta mnDtmnDsnsmmnmn mnn ,, sin, ωω−== ζω−!!  Eq. A. 56 
The total response is obtained by superposition of the responses of all the natural modes.  
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Eq. A. 57 
 
 
θ
  
237 
Steady State Response of Harmonic Excitation 
The steady response of floor system can be found by first calculate the impulse 
response at each mode using the uncoupled form of the governing differential equation in 
Eq. A. 58. 
!!Ymn t( )+Cmnm !Ymn t( )+Kmnm Ymn t( ) = Fm xs( )Gn ys( ) po sinωt
 
Eq. A. 58 
and the total response of the plate can be obtained by mode superposition. Solution of the 
governing differential equation is given by 
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Eq. A. 59 
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Eq. A. 60 
The acceleration is thus given by 
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Eq. A. 61 
When damping is small the resonant response is then given by 
!!Ymn t( ) =
Fm xs( )Gn ys( )
2Mmnζmn
p 1− e−ζωnt( )sin ωmnt( )
 
Eq. A. 62 
The resonant response of the structure is  
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a x, y, t( ) = Fm x( )Fm xs( )Gn y( )Gn ys( )2Mmnζmn
p 1− e−ζωnt( )sin ωmnt( )
 
Eq. A. 63 
where ωmn is the natural frequency that match the driving frequency and 
Mmn = m Fm x( )Gn y( )!" #$
2 dydx0
b
∫0
a
∫  Eq. A. 64 
  Mmn = 1 when mode shape function are mass normalized.  
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